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TESTS  AND  EVALUATION  OF  UPGRADED 
FLAT-PLATE  AND  WAFFLE-SLAB  FLOOR  SYSTEMS 


This  report  describes  the  research  program  consisting  of  several 
tests  performed  at  the  Waterways  Experiment  Station  (WES)  for  the  Federal 
Emergency  Management  Agency  (FEMA).  The  tests  were  conceived  and  recommended 
by  Scientific  Services  Incorporated  (SSI)  to  provide  information  for  use  in 
the  Shelter  Upgrading  Manuals  being  prepared  for  FEMA. 

The  program  consisted  of  tests  on  individual  19-  and  30-in. -square 
panels  taken  from  waffle  slabs,  19-in.  panels  taken  from  one-way  ribbed  joist 
slabs,  two  center  portions  of  a  waffle  slab,  and  the  center  portion  of  a  flat 
plate.  Also  included  were  tests  to  determine  the  punching  strength  of 
4-in. -thick  basement  slabs  on  grade. 

The  individual  19-  and  30-in.  waffle  panels  and  the  19-in.  one-way  slab 
panels  were  3  in.  thick,  which  is  the  minimum  thickness  used  in  standard 
construction.  Each  panel  was  cast  as  the  center  portion  of  a  4S-in. -diameter 
by  11-in. -thick  concrete  disk  and  statically  loaded  to  failure  with  water 
pressure  in  the  Small  Blast  Load  Generator  (SBLG). 

Two  4-in. -thick  basement  slabs  on  grade  were  cast  inside  46-3/4- in. - 
diameter  steel  rings  and  on  top  of  a  polyurethane  sheet  covering  6  in.  of 
compacted  gravel  on  top  of  18  in.  of  soil  compacted  to  95  percent  optimum 
density.  Tne  slabs  were  tested  by  pushing  a  7-  by  7-in.  wooden  post,  composed 
of  four  4-  by  4-in.  posts  nailed  together,  into  the  center  of  the  slab  with 
the  200-kip  loader.  One  test  was  performed  statically  and  one  dynamically. 

The  two  center  portions  of  a  waffle  slab  and  the  one  center  portion  of  a 
flat  plate  were  designed  with  the  maximum  diameters  that  would  allow  placement 
inside  the  22-ft  10-in. -diameter  Large  Blast  Load  Generator  (LBLG).  The  flat- 
plate  test  specimen  was  constructed  to  include  the  positive  moment  area  from 
a  22-ft-square  slab  designed  according  to  the  Third  Edition  of  the  CRSI 
Handbook.  The  waffle-slab  specimens  were  constructed  to  include  positive 
moment  areas  from  24-ft-square  slabs.  An  8-in. -thick  wall,  8  ft  tall,  sup¬ 
ported  the  slabs  along  their  perimeters,  and  wooden  posts  were  wedged  in  place 
under  each  specimen  where  SSI  predicted  upgrading  supports  would  be  needed  in 
an  actual  slab.  It  should  be  noted  that  these  test  specimens  were  not  under 
boundary  conditions  similar  to  those  in  actual  structures.  However,  SSI  was 


interested  in  testing  the  response  of  the  slabs'  center  portions  where  up¬ 
grading  supports  were  applied. 

The  static  overpressure  load-bearing  capacity  of  the  19-in. -square  by 
3-in. -thick  waffle-slab  panel  was  in  the  range  of  900  to  1000  psi.  The 
structural  behavior  was  characteristic  of  deep  slabs,  with  failure  occurring 
due  to  shearing  action. 

The  static  overpressure  capacities  of  the  19-  by  19-  by  3-in.  one-way 
slab  panel  and  the  30-  by  30-  by  3-in.  waffle-slab  panel  were  approximately 
445  and  347  psi,  respectively.  The  load-bearing  capacities  of  the  panels  are 
of  magnitude  great  enough  to  insure  that  the  panels  will  not  be  vulnerable 
components  of  upgraded  floor  systems. 

The  wooden  posts  punched  through  the  4-in. -thick  slabs  on  grade  under  a 
peak  static  load  of  approximately  79.0  kips  and  a  peak  dynamic  load  of  approx¬ 
imately  135.0  kips.  Utilizing  results  of  the  statically  tested  slab  on 
grade,  the  ultimate  dynamic  punching  load  for  the  slab  was  computed  to  be 
approximately  106.4  kips.  The  dynamic  punching  load  of  106.4  kips  was  approx¬ 
imately  48  percent  of  the  maximum  dynamic  load  of  220  kips  sustained  by  the 
upgrading  columns  during  the  dynamic  tests  on  the  waffle-slab  floor  center 
portion.  Therefore,  in  the  case  of  Crisis  Relocation  Planning  implementation 
involving  the  upgrading  of  floor  systems,  allowances  must  be  made  to  avoid  the 
punching  of  upgrading  columns  into  the  basement  (shelter)  floor. 

Although  the  waffle-slab  center  portion  specimens  did  not  properly  model 
the  center  portion  of  a  waffle-slab  floor  as  it  would  exist  in  a  building,  the 
lack  of  punching  shear  failure  at  the  waffle  joists  indicated  that  the  up¬ 
grading  of  waffle  slabs  may  be  feasible.  Due  to  upgrading  column  buckling, 
allowing  collapse  of  the  slab  primarily  through  shear  failure,  the  maximum 
static  and  dynamic  load-carrying  capacities  of  the  waffle-slab  system  were 
near  44  and  34  psi,  respectively. 

The  flat-plate  specimen  did  not  properly  model  the  center  portion  of  a 
flat-plate  floor  as  it  would  exist  in  a  building,  due  to  differences  in 
boundary  conditions.  However,  the  absence  of  punching  shear  initiation  at  the 
upgrading  columns  in  the  test  does  indicate  that  punching  shear  would  not 
occur  at  upgrading  columns  in  a  complete  flat-plate  floor,  having  similar 
upgrading  column  spacing,  before  column  buckling  or  other  failure  occurred. 

Due  to  column  buckling,  the  maximum  static  average  overpressure  load-carryinp 
capacity  of  the  upgraded  flat-plate  specimen  was  38  psi. 
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-two  center  portions  of  a  waffle  slab,  and  the  center  portion  of  a  flat  plate. 
Also  included  were  tests  to  determine  the  punching  strength  of  4-inch-thick 
basement  slabs  on  grade. 

The  individual  19-  and  30-inch  waffle  panels  and  the  19-inch  one-way  slab 
panels  were  3  inches  thick,  which  ir.  the  minimum  thickness  used  in  standard 
construction.  Each  panel  was  cast  as  the  center  portion  of  a  A6-inch-diameter 
by  1 1-inch-thick  concrete  disk  and  statically  loaded  to  failure  with  water 
pressure  in  the  Small  Blast  Load  Generator  (SBLG). 

Two  4-inch-thick  basement  slabs  on  grade  were  cast  inside  46-3/4-inch- 
diameter  steel  rings  and  on  top  of  a  polyurethane  sheet  covering  6  inches  of 
compacted  gravel  on  top  of  18  inches  of  soil  compacted  to  95  percent  optimum 
density.  The  slabs  were  tested  by  pushing  a  7-  by  7-inch  wooden  post,  composed 
of  four  4-  by  4-inch  posts  nailed  together,  into  the  center  of  the  slab  with 
the  200-kip  loader.  One  test  was  performed  statically  and  one  dynamically. 

The  two  center  portions  of  a  waffle  slab  and  the  one  center  portion  of  a 
flat  plate  were  designed  with  the  maximum  diameters  that  would  allow  placement 
inside  the  22-foot  10-inch-diameter  Large  Blast  Load  Generator  (LBLG).  The 
flat-plate  test  specimen  was  constructed  to  include  the  positive  moment  area 
from  a  22-foot-square  slab  designed  according  to  the  Third  Edition  of  the  CRSI 
Handbook.  The  waffle-slab  specimens  were  constructed  to  include  positive  mo¬ 
ment  areas  from  24-foot-square  slabs.  An  8-inch-thick  wall,  8  feet  tall,  sup¬ 
ported  the  slabs  along  their  perimeters,  and  wooden  posts  were  wedged  in  place 
under  each  specimen  where  SSI  predicted  upgrading  supports  would  be  needed  in 
an  actual  slab.  It  should  be  noted  that  these  test  rpecimens  were  not  under 
boundary  conditions  similar  to  those  in  actual  structures.  However,  SSI  was 
interested  in  testing  the  response  of  the  slabs'  center  portions  whete  up¬ 
grading  supports  were  applied. 

The  19-inch-square  by  3-inch-thick  waffle- slab  panel  failed  in  shear  under 
a  peak  pressure  of  900  psi  and  at  a  peak  displacement  of  0.15  inch.  The 
19-inch-long  by  3-inch-thick  one-way  ribbed  joist  panel  failed  in  shear  at  an 
average  peak  pressure  of  400  psi  and  a  displacement  of  0.054  inch.  The 
30-inch-square  by  3-inch-thick  waffle  panels  failed  at  an  average  peak  pressure 
of  320  psi  and  a  deflection  of  0.087  inch.  The  wooden  posts  punched  through 
the  4-inch-thick  slabs  on  grade  under  a  peak  static  load  of  79.0  kips  and  a 
peak  dynamic  load  of  135.0  kips.  After  punching  through  the  slabs,  the  wooden 
posts  were  still  capable  of  supporting  load.  The  static  load  capacity  of  the 
center  portion  of  an  upgraded  waffle  slab  under  the  given  boundary  conditions 
was  44.0  psi.  Failure  seemed  to  be  caused  by  collapse  of  the  wooden  columns 
and  then  shearing  of  the  slab  around  the  rigid  boundary.  The  dynamic  load 
capacity  of  an  identical  slab  was  near  an  average  pressure  of  34  psi.  Movies 
of  the  underside  of  the  slab  indicated  that  the  wooden  columns  failed  and  the 
slab  collapsed  at  nearly  the  same  time.  The  static  load  capacity  of  the  center 
portion  of  an  upgraded  flat  plate  was  38.0  psi.  The  wooden  columns  collapsed 
allowing  the  slab  to  deflect. 

These  test  results  will  be  incorporated  into  the  manuals  SSI  is  preparing 
on  upgrading  of  shelters. 
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PREFACE 


Personnel  of  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
Structures  Laboratory  (SL)  conducted  tests  from  May  1980  through  February  1982 
on  specimens  designed  by  Scientific  Services,  Incorporated,  for  the  Blast  Up¬ 
grading  Shelter--Experimental  Study  Area  project.  The  Federal  Emergency  Man¬ 
agement  Agency  sponsored  the  work  under  Interagency  Agreement  EMW-E-0337. 

SL  personnel  performed  the  work  under  the  general  supervision  of 
Mr.  Bryant  Mather,  Chief,  SL,  and  Mr.  J.  R.  Ballard,  Chief,  Structural  Mechan¬ 
ics  Division.  Mr.  W.  L.  Huff  managed  the  project.  Mr.  M.  K.  McVay  planned 
and  supervised  the  experiments  and  Mr.  S.  C.  Woodson  analyzed  the  test  results 
and  prepared  this  report.  Mr.  C.  D.  Norman  assisted  in  the  analyses. 

COL  Tilford  C.  Creel,  CE,  was  Commander  and  Director  of  WES  during  the 
course  of  the  investigation;  Mr.  F.  R.  Brown  was  Technical  Director. 
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CONVERSION  FACTORS,  INCH-POUND  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


Inch-pound  units  of  measurement  used  in  this  report  can  be  converted  to  metric 
(SI)  units  as  follows: 


Multiply _  By  _  _ To  Obtain 


feet 

0 . 3048 

metres 

inches 

2.54 

centimetres 

kips  (force) 

4.4482 

kilonewtons 

pounds 

(force) 

4.4482 

newtons 

pounds 

(force) 

per  square 

foot 

47.88026 

pascals 

pounds 

(force) 

per  square 

inch 

6.3947 

kilopascals 

pounds 

(mass) 

0.4535924 

kilograms 

pounds 

(mass)  per  cubic  foot 

16.01846 

kilograms  per  cubic  metre 

square 

inches 

6.4516 

square  centimetres 
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TESTS  AND  EVALUATION  OF  UPGRADED  FLAT-PLATE 


AND  WAFFLE-SLAB  FLOOR  SYSTEMS 


CHAPTER  1 
INTRODUCTION 


1 . 1  BACKGROUND 

The  Federal  Emergency  Management  Agency  (FEMA)  has  the  responsibility  of 
maintaining  an  appropriate  civil  defense  program  for  the  United  States.  The 
current  civil  defense  program  is  Crisis  Relocation  Planning  (CRP) .  CRP  would 
call  for  the  following  actions  by  FEMA  during  a  time  of  developing  interna¬ 
tional  crisis  when  a  nuclear  war  is  imminent: 

1.  Move  the  majority  of  the  population  away  from  potential  target 
areas  into  surrounding  host  areas  within  2  to  3  days  before 
the  expected  attack. 

2.  Initially  move  people  into  public  and  private  buildings  in 
the  host  areas;  then,  if  necessary,  move  them  into  shelters 
(mostly  expedient-type  shelters). 

3.  Direct  keyworkers  and  officials  to  stay  in  the  target  areas 
to  operate  important  industries  and  perform  government  func¬ 
tions  until  just  before  an  attack,  then  to  take  cover  in  a 
hardened  shelter  that  is  within  quick  access  of  the  target 
area . 

The  study  reported  herein  is  related  to  Part  3  of  the  CRP.  Researchers 
have  estimated  that  a  hardened  shelter  within  quick  access  of  a  target  area 
would  be  in  an  overpressure  range  of  50  psi*  or  less.  Several  concepts  for 
developing  hardened  shelters  for  keyworkers  have  been  proposed.  One  is 
"Upgrading,"  in  which  basements  in  existing  buildings  are  upgraded  with  addi¬ 
tional  structural  members  in  order  to  withstand  a  peak  overpressure  of  50  psi. 
Another  concept  is  "Slanting,"  in  which  the  government  provides  funds  for  the 
additional  design  and  construction  costs  incurred  in  strengthening  a  new 
building  to  withstand  a  peak  overpressure  of  50  psi.  The  newest  concept  re¬ 
quires  the  development  of  a  dedicated  shelter  system.  Under  this  concept, 
specially  designed  blast  shelters  would  be  constructed  near  keyworkers.  Very 


*  A  table  of  factors  for  converting  inch-pound  units  of  measurement  to  metric 
(SI)  units  is  presented  on  page  6. 
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few  existing  civil  defense  shelters  are  strong  enough  to  withstand  50  psi 
overpressure.  Over  the  past  few  years  the  development  of  upgrading  methods 
that  could  be  used  immediately  to  implement  CRP  in  the  event  of  a  nuclear  war 
has  been  emphasized. 

Some  early  studies  with  simple  slabs  showed  that  upgrading  was  possible 
if  proper  methods  were  used.  Results  of  tests  conducted  on  small,  one-way  re¬ 
inforced  concrete  (R/C)  floor  slabs  at  the  U.  S.  Army  Engineer  Waterways  Exper¬ 
iment  Station  (WES)  indicated  that  the  load  capacities  of  one-way  slabs  could 
be  increased  by  factors  of  4  to  7  by  providing  expedient  supports  of  various 
types  at  the  midspan  of  slabs  (Reference  1).  After  these  encouraging  results, 
WES  continued  to  study  the  design  of  upgrading  systems  for  actual  one-way 
slabs.  WES  developed  two  upgrading  methods  that  (a)  used  readily  available 
materials,  (b)  were  easy  to  construct,  and  (c)  increased  the  load-carrying 
capacities  of  shelters  to  50  psi  or  greater  (Reference  2).  One  method  was 
designated  the  wooden-post  method  and  the  other,  the  steel-beam  method.  The 
increased  load  capacities  resulting  from  these  upgrading  methods  were  verified 
by  conducting  dynamic  tests  on  three  identical  full-scale  sections  of  a  typi¬ 
cal  one-way  R/C  slab  floor  system.  The  load  capacity  of  the  typical  section 
was  increased  by  about  5.0  times  with  the  steel-beam  method  and  7.0  times  with 
the  wooden-post  method.  The  load  capacities  of  approximately  80  to  90  psi  and 
113  psi  achieved  by  the  steel-beam  and  wooden-post  upgrading  methods,  respec¬ 
tively,  were  much  greater  than  the  desired  minimum  of  50  psi. 

Currently,  WES  is  developing  upgrading  methods  for  two-way  R/C  slab-floor 
systems.  The  first  half  of  the  development  program,  which  was  the  testing  of 
several  structural  components  from  potential  upgraded  shelters,  is  the  subject 
of  this  report.  Scientific  Services,  Incorporated  (SSI),  designed  the  tests 
and  requested  FEMA  to  have  them  conducted  at  WES.  SSI  has  an  ongoing  contract 
with  FEMA  to  prepare  Shelter  Upgrading  Manuals  for  use  by  the  general  public 
in  the  quick  upgrading  of  the  blast  resistance  of  buildings.  SSI  has  incor¬ 
porated  the  results  of  most  of  the  previous  studies  into  the  manuals;  however, 
the  manuals  lack  information  verifying  the  increased  load  capacities  of  up¬ 
graded  two-way  slabs.  Therefore,  SSI  requested  these  tests  to  provide  infor¬ 
mation  for  use  in  the  manuals. 

1.2  OBJECTIVE 

This  study  was  conducted  to  verify  the  load  capacities  of  several 
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structural  elements  from  potential  upgraded  shelters. 


1 . 3  APPROACH 

SSI  provided  the  design  of  the  test  specimens  and  the  test  plans.  WES 
constructed  the  test  specimens  and  tested  them  according  to  SSI's  specifica¬ 
tions  with  a  few  modifications.  The  test  specimens  consisted  of:  19-  by  19- 
by  3-inch  waffle-slab  panels,  19-  by  3-inch  one-way  panels  from  ribbed  joist 
construction,  30-  by  30-  by  3-inch  waffle-slab  panels,  a  composite  column  of 
four  4-  by  4-inch  wooden  posts  driven  into  a  slab  on  grade,  two  center  por¬ 
tions  of  a  24-foot-square  waffle  slab,  and  the  center  portion  of  a  22-foot- 
square  flat  plate. 

The  individual  waffle  panels  and  the  one-way  panels  were  statically 
loaded  to  failure  in  the  WES  Small  Blast  Load  Generator  (SBLG) .  The  200-kip 
loader  was  used  to  drive  the  wooden  columns  into  the  slabs  on  grade.  One  test 
was  performed  statically  and  one  was  performed  dynamically.  The  center  por¬ 
tions  of  the  two  24-foot-square  waffle  slabs  and  the  22-foot-square  flat  plate 
were  loaded  to  failure  in  the  WES  Large  Blast  Load  Generator  (LBLG) .  One  cen¬ 
ter  portion  of  the  waffle  slab  was  tested  statically  and  the  other,  dynami¬ 
cally.  The  flat  plate  was  loaded  statically. 

Appropriate  measurements  were  made  during  each  test  with  electronic 
gages  and  were  recorded  on  magnetic  tape.  The  data  records  on  tape  were  then 
digitized,  and  plots  were  drawn  by  a  computer.  Detailed  photographs  of  each 
test  were  also  taken.  Copies  of  the  data  and  photographs  were  sent  to  SSI  for 
their  use  and  are  included  in  this  report  also. 
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CHAPTER  2 


EXPERIMENTS 


2.1  DESCRIPTION  OF  TEST  SPECIMENS 

WES  built  and  tested  the  test  specimens  according  to  plans  provided  by 
SSI.  All  of  the  test  specimens  were  structural  elements  of  various  types  of 
floor  systems  that  could  potentially  be  upgraded.  As  stated  previously,  the 
test  specimens  consisted  of  19-  by  19-  by  3-inch  waffle-slab  panels,  19-  by 
3-inch  one-way  panels,  30-  by  30-  by  3-inch  waffle-slab  panels,  wooden  up¬ 
grading  posts  driven  into  slabs  on  grade,  center  portions  of  24-foot-square 
waffle  slabs,  and  the  center  portion  of  a  22-foot-square  flat  plate.  Each 
specimen  is  described  below. 

2.1.1  19-  by  19-  by  3-Inch 
Waffle-Slab  Panel 

These  test  specimens  represented  single  19-  by  19-  by  3-inch  panels  taken 
from  a  waffle-slab  floor  system  and  cast  in  the  middle  of  46-inch-diameter  by 
11-inch-thick  circular  slabs  so  they  could  be  tested  in  the  SBLG;  see  Fig¬ 
ure  2.1.  Since  3-inch-thick  waffle-slab  panels  are  the  thinnest  commonly 
made,  these  tests  were  conducted  to  determine  the  load  capacity  of  the  weakest 
common  19-inch-square  waffle-slab  panel.  From  these  results  one  could  tell  if 
the  panels  are  the  weak  points  in  a  waffle-slab  floor  system  with  19-inch- 
square  panels.  The  actual  compressive  strength  of  the  concrete  was  5,270  psi 
on  test  day.  The  welded  wire  mesh  was  70  grade  steel,  and  the  No.  4  rein¬ 
forcing  bars  were  60  grade  steel.  Figure  2.2  shows  the  formwork  and  rein¬ 
forcing  steel.  Figure  2.3  shows  the  top  and  bottom  of  one  of  the  completed 
test  specimens. 

2.1.2  19-  by  19-  by  3-Inch 
One-Way  Slab 

These  test  specimens  were  single  strips  taken  from  panels  in  one-way 
ribbed  joist  floor  systems  and  cast  in  the  middle  of  46-inch-diameter  by 
11-inch-thick  circular  slabs  so  they  could  be  tested  in  the  SBLG;  see  Fig¬ 
ure  2.4.  Since  3-inch-thick  panels  are  about  the  thinnest  panels  commonly 
made,  the  implication  is  that  they  would  be  the  wealest  component  of  a  shelter 
with  one-way  ribbed  joist  construction.  Therefore,  these  tests  were  conducted 
to  determine  the  load  capacities  of  the  one-way  panels.  The  test  specimens 
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were  constructed  identical  to  the  19-  by  19-  by  3-inch  waffle-slab  panels  and 
were  then  cut  along  two  sides  of  the  panel  to  impose  one-way  action.  The 
average  compressive  strength  of  the  concrete  was  5,090  psi.  The  welded  wire 
mesh  was  70  grade  steel,  and  the  No.  4  reinforcing  bars  were  60  grade  steel. 
Figure  2.5  shows  one  of  the  test  specimens. 

2.1.3  30-  by  30-  by  3-Inch 
Waffle-Slab  Panel 

The  30-inch-square  waffle  panel  is  another  common  sized  waffle  panel  used 
in  modern  construction.  The  design  of  the  test  specimens  is  shown  in  Fig¬ 
ure  2.6.  Since  3-inch-thick  panels  are  about  the  thinnest  waffle  panels  com¬ 
monly  built,  they  are  the  weakest  that  would  likely  be  in  a  shelter.  These 
tests  were  conducted  to  determine  if  the  individual  panels  would  be  the  weak¬ 
est  part  of  a  waffle-slab-floor  system  with  30-inch-square  panels.  The  aver¬ 
age  compressive  strength  of  the  concrete  was  4,300  psi.  The  welded  wire  mesh 
was  70  grade  steel,  and  the  No.  4  reinforcing  bars  were  60  grade  steel.  Fig¬ 
ure  2.7  shows  the  formwork  and  reinforcing  steel  for  ont  of  the  test  speci¬ 
mens.  Figure  2.8  shows  a  finished  test  specimen. 

2.1.4  Punching  Strength  of  4-Inch- 
Thick  Slab  on  Grade 

SSI  expressed  some  concern  that  large  overpressures  might  punch  upgrading 
columns  downward  through  the  basement  floor,  which  would  be  a  slab  on  grade, 
and  ordered  tests  to  examine  the  punching  shear  capacity  of  a  4-inch-thick 
concrete  slab  on  top  of  a  polyurethane  sheet  covering  6  inches  of  compacted 
gravel  on  top  of  18  inches  of  soil  compacted  to  95  percent  optimum  density. 

The  slab  was  loaded  with  a  7-inch-square  wooden  column;  see  Figure  2.9.  Two 
test  specimens  were  constructed  inside  46-3/4-inch  inside  diameter  steel  con¬ 
fining  rings.  One  specimen  was  tested  statically  and  the  other  dynamically. 

A  gradation  curve  and  a  compaction  curve  for  the  gravelly  sand  soil  are 

shown  in  Figures  2.10  and  2.11;  respectively.  The  soil  was  placed  in 

5-1/2-inch  loose  lifts  and  compacted  to  4-1/2-inch  lifts  with  four  passes  of 

a  pneumatic  tamper  at  100  psi  to  achieve  95  percent  maximum  density.  One  dry 

density  reading  and  one  moisture  content  measurement  were  taken  at  the  9-inch 

compacted  depth  in  both  of  the  test  specimens.  The  soil  in  both  test  speci- 

3 

mens  had  identical  dry  densities  and  water  contents  of  129  Ib/ft  and  6.8  per¬ 
cent,  respectively.  Uniaxial  strain  tests  were  conducted  on  the  soil  and  the 
results  are  shown  in  Figure  2.12.  The  gravel  was  washed  river  gravel, 
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1/4  inch  to  2  inches  in  size.  In  each  test  specimen,  the  gravel  was  placed 
in  one  6-inch  lift  and  hand-tamped  two  passes.  A  sheet  of  polyurethane  was 
placed  over  the  gravel,  a  standard  construction  practice.  The  reinforcing 
wire  was  4-  by  4-inch  W  2.9  by  W  2.9  welded  wire  fabric,  made  of  Grade  70 
steel.  One  of  the  test  specimens  before  concrete  was  placed  is  shown  in  Fig¬ 
ure  2.13.  The  average  compressive  strengths  of  the  concrete  in  the  static  and 
dynamic  test  specimens  were  3,590  and  4,090  psi,  respectively.  One  of  the 
finished  test  specimens  is  shown  in  Figure  2.14. 

The  wooden  upgrading  columns  were  composed  of  four  4-  by  4-inch-wooden 
timbers  nailed  together.  The  timbers  were  No.  2  quality  fir,  readily  avail¬ 
able  in  most  lumber  stores.  The  wooden  columns  in  the  static  and  dynamic 
tests  were  4  feet  10  inches  and  4  feet  6-3/4  inches  long,  respectively.  The 
wooden  upgrading  column  used  in  the  dynamic  test  weighed  61-1/2  pounds. 

2.1.5  Center  Portion  of  24-Foot-Square 
Waffle-Slab  Floor 

These  test  specimens  were  designed  by  SSI  to  have  the  maximum  diameters 
that  would  allow  placement  inside  the  22-foot  10-inch  diameter  LBLG,  and  to 
include  the  center  portion  of  a  24-foot-square  waffle-slab  floor  upgraded  with 
wooden  columns;  see  Figure  2.15.  The  wooden  columns  were  wedged  in  place 
under  the  center  portions  where  SSI  predicted  upgrading  supports  would  be 
needed  under  an  actual  slab.  The  purpose  of  these  tests  was  to  determine  the 
increased  load  capacity  of  the  center  portion  of  a  waffle  slab  upgraded  with 
wooden  columns.  WES  personnel  built  two  test  specimens,  one  for  a  static  test 
and  one  for  a  dynamic  test.  In  these  tests,  the  center  portion  of  a  24-foot- 
square  waffle-slab  floor  contained  the  area  where  two  perpendicular  middle 
strips,  described  in  the  American  Concrete  Institute  (ACI)  Building  Code  (Ref¬ 
erence  3),  overlapped  each  other  plus  cr.e  row  of  waffle  panels  on  each  side; 
see  Figure  2.16.  Therefore,  the  specimens  mostly  contained  the  positive 
steel,  although  the  negative  steel  extended  into  its  edges  a  few  inches.  The 
center  portions  were  designed  in  accordance  with  the  design  of  a  waffle-slab 
floor  given  in  the  Concrete  Reinforcing  Steel  Institute  (CRSI)  Handbook  (Ref¬ 
erence  4),  with  24-foot  spans,  19-  by  19-  by  8-inch  indentions,  3-inch-thick 

slabs,  11-inch-deep  joists,  4,000-psi  designed  concrete  strength,  60  grade 

2 

steel,  and  a  factored  live  load  of  200  lb/ft  .  The  four  solid  areas  on  each 
side  of  the  center  portion  were  left  11  inches  thick  and  were  heavily  rein¬ 
forced  in  the  top  and  bottom.  The  bottom  and  top  reinforcing  steel  layouts 
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are  shown  in  Figures  2.17  and  2.18,  respectively,  and  the  entire  layout  before 
casting  the  concrete  is  shown  in  Figure  2.19.  The  yield  strengths  of  the  rein¬ 
forcing  steel  used  in  both  models  were  65,083,  62,500,  and  68,064  psi  for  the 
No.  3,  4,  and  5  bars,  respectively.  The  concrete  was  obtained  from  a  local 
ready-mix  company.  Figure  2.20  shows  the  concrete  being  placed.  The  average 
compressive  strengths  of  the  concrete  in  the  static  and  dynamic  test  specimens 
were  4,410  and  5,580  psi,  respectively.  The  top  and  bottom  of  one  of  the  fin¬ 
ished  test  specimens  are  shown  in  Figures  2.21  and  2.22,  respectively. 

The  wooden  columns  were  made  of  four  4-  by  4-inch  posts  strapped  together. 
The  "4  by  4's"  were  used  because  they  are  the  largest  size  wooden  timbers 
readily  available  in  large  quantities  at  most  lumber  companies.  The  wood  was 
a  No.  2  quality  fir. 

2.1.6  Center  frrtion  of  22-Foot- 
Square  Flat  Plate 

This  test  specimen,  a  large  circular  slab  22  feet  9  inches  in  diameter 
and  8  inches  thick,  was  designed  by  SSI  to  include  as  much  as  possible  of  a 
22-foot-square-flat  plate  floor  upgraded  with  wooden  columns  that  would  fit 
into  the  22-foot  10-inch-diaraeter  LBLG;  see  Figure  2.23.  In  this  case,  the 
center  portion  of  a  flat  plate  included  all  of  the  positive  moment  area  and 
some  of  the  negative  moment  areas  but  did  not  contain  the  areas  near  the  col¬ 
umns.  The  design  for  the  test  specimen  was  taken  from  a  flat-plate  design  in 

the  CRSI  Handbook  (Reference  4)  using  22-foot  spans,  8  inches  thick,  4,000-psi 

2 

concrete,  60  grade  steel,  and  a  factored  live  load  of  200  lb/ft  .  The  bottom 
and  top  reinforcing  steel  layouts  are  shown  in  Figures  2.24  and  2.25,  respec¬ 
tively.  The  yield  strengths  of  the  No.  4,  5,  and  7  steel  reinforcing  bars 
were  62,500,  68,064,  and  65,083  psi,  respectively.  The  reinforcing  steel  and 
formwork  before  the  concrete  was  cast  3re  shown  in  Figure  2.26.  The  concrete 
was  obtained  from  a  local  ready-mix  company  and  had  an  average  compressive 
strength  of  5,783  psi. 

Wooden  upgrading  columns  were  wedged  under  the  test  specimen,  where  SSI 
predicted  upgrading  supports  would  be  needed  under  an  actual  slab.  The  wooden 
columns  were  composite  columns  of  four  4  by  4's  strapped  together.  The  wood 
was  No.  2  quality  fir. 

2.2  LOADING  DEVICES 

The  loading  devices  used  in  this  study  are  described  below.  A  more 
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detailed  discussion  of  the  test  devices  is  contained  in  Reference  5. 


2.2.1  Small  Blast  Load  Generator  (SBLG) 

Each  of  the  19-  by  19-  by  3-inch  waffle-slab  panels,  19-  by  3-inch  one¬ 
way  panels,  and  30-  by  30-  by  3-inch  waffle-slab  paiels  was  tested  in  the  SBLG. 

The  SBLG  can  produce  static  pressures  up  to  1,000  psi.  The  generator  has 
a  steel  cylindrical  shell  and  an  elliptical  dome  top  called  the  bonnet.  The 
shell  is  composed  of  a  serie-  of  stacked  rings  (46-3/4-inch  ID)  of  various 
depths  that  are  bolted  together  to  2llow  the  depth  of  a  soil  sample  or  test 
specimen  to  be  varied.  Figure  2.27  shows  the  SBLG  with  instrumentation  cables 
attached  prior  to  a  test. 

2.2.2  200-Kip  Loader 

The  two  4-inch-thick  slabs  on  grade  were  tested  in  the  200-kip  loader. 

The  200-kip  loader  (Figure  2.28)  is  capable  of  applying  a  concentrated  load 
over  a  maximum  stroke  of  6  inches  and  of  testing  structural  shapes  with 
loading  rates  varying  from  slow  static  loads  to  those  at  which  the  maximum 
load  is  reached  in  a  very  few  milliseconds.  The  200-kip  loader  is  designed 
to  apply  forces  varying  from  10,000  to  200,000  lb  in  either  tension  or 
compression. 

2.2.3  Large  Blast  Load  Generator  (LBLG) 

The  two  center  portions  of  the  24-foot-square  waffle  slabs  and  the  center 
portion  of  the  22-foot-square  flat  plate  were  tested  in  the  LBLG. 

The  LBLG  (Figure  2.^9)  is  a  large,  three-dimensional  device  designed  pri¬ 
marily  to  test  underground  protective  structures  subjected  to  pressures  simu¬ 
lating  those  generated  by  both  kiloton  and  megaton  nuclear  devices.  Pressures 
up  to  about  500  psi,  having  rise  times  and  durations  similar  to  megaton-size 
nuclear  weapons,  can  be  reproduced  in  the  generator.  Static  loads  up  to 
1,000  psi  can  be  sustained.  The  LBLG  has  two  basic  components:  the  central 
firing  station  and  the  test  chambers.  The  central  firing  station  is  a  massive, 
posttensioned ,  prestressed  concrete  reaction  structure  designed  to  resist  the 
dynamic  or  static  loads  generated  in  the  test  chamber.  The  two  test  chambers 
are  cylindrical  steel  bins  having  a  23-foot  0D  and  a  22-foot  10-inch  ID  that 
contain  the  test  media  and  test  structures.  A  test  chamber  consists  of  three 
C  rings  that  stack  to  a  height  of  10  feet,  one  B  ring  that  is  capable  of 
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containing  15  firing  tubes  during  dynamic  loadings,  and  one  A  ring  that  is  a 
telesccping-type  lid. 

2.3  PLACEMENT  OF  STRUCTURES 

2.3.1  Individual  Panel  Specimens 

The  19-  by  19-  by  3-inch  waffle-slab  panels,  19-  by  3-inch  one-way  slabs, 
and  30-  by  30-  by  3-inch  waffle-slab  panels  were  all  tested  in  the  SBLG.  A 
6-inch-thick  concrete  ring  was  cast  inside  the  SBLG  rings  to  support  the  test 
specimens;  see  Figure  2.30.  The  first  step  in  the  installation  of  each  test 
specimen  was  to  place  a  thin  layer  of  high-strength  grout  on  top  of  the  sup¬ 
port  rings.  Then  the  test  specimen  was  placed  on  the  grout  before  it  hardened 
to  allow  uniform  contact  at  the  support.  Finally,  high-strength  grout  was 
poured  between  the  sides  of  the  test  specimen  and  the  SBLG  ring.  This  place¬ 
ment  and  the  geometry  of  the  test  specimens  made  the  boundary  conditions  of 
the  various  panels  fixed-fixed,  which  is  close  to  the  conditions  in  an  actual 
slab  without  the  axial  forces.  The  various  test  specimens  placed  inside  the 
SBLG  are  shown  in  Figures  2.31  through  2.33. 

2.3.2  4-Inch-Thick  Slabs  on  Grade 

The  punching  strengths  of  4-inch  basement  slabs  on  grade,  subjected  to 
the  loadings  from  7-  by  7-inch  wooden  upgrading  columns,  were  tested  in  the 
200-kip  loader.  The  test  specimens  were  cast  inside  the  46-3/4-inch  ID  steel 
rings  of  the  SBLG  facility,  as  described  in  paragraph  2.1.4.  A  1/2-inch-thick 
steel  plate  was  bolted  across  the  bottom  of  the  rings  so  one  could  lift  the 
test  specimens.  The  test  specimens  were  moved  by  an  overhead  crane  into  the 
pit  below  the  200-kip  loader  and  then  pulled  into  position  with  come-alongs. 

The  wooden  columns  were  placed  exactly  in  the  middle  of  the  test  speci¬ 
mens,  and  the  ram  of  the  200-kip  loader  was  lowered  onto  the  top  of  the  col¬ 
umn.  A  very  small  load  was  initially  applied  to  the  column  to  hold  it 
securely  in  place,  as  would  occur  with  an  upgraded  column  wedged  into  place. 
The  test  setup  is  shown  in  Figure  2.34.  The  test  specimens  were  made  large 
enough  to  prohibit  influence  of  edge  eff.ects  upon  the  punching  action. 

2.3.3  Slab  Center  Portions 

The  two  center  portions  of  the  24-foot-square  waffle-slab  floors  and  the 
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center  portion  of  the  22-foot-square  flat  plate  were  all  tested  in  the  LBLG. 

An  8-inch-thick  concrete  ring  was  cast  along  the  inside  of  the  LBLG  rings  to 
support  the  test  specimens;  see  Figure  2.35.  Several  1/4-inch-thick  spacers 
were  placed  on  top  of  the  concrete  support  ring,  preceding  a  test  specimen 
being  lowered  upon  it.  Then  the  1/4-inch  crack  between  the  specimen  and  the 
support  ring  was  filled  by  allowing  high-strength  grout  to  flow  downward  be¬ 
tween  the  side  of  the  specimen  and  the  LBLG  ring,  and  laterally  into  the 
1/4-inch  space.  The  placement  of  grout  was  continued  until  the  grout  began  to 
fill  the  space  between  the  specimen  and  the  LBLG  ring.  When  the  grout's  sur¬ 
face  was  approximately  1  inch  above  the  bottom  edge  of  the  11-inch-thick  slab, 
the  grouting  procedure  was  discontinued. 

Composite  wooden  columns  were  made  by  strapping  together  four  No.  2  qual¬ 
ity  fir  4  by  4's  per  column.  Five  3/4-inch  steel  straps  were  used  per  column. 
Figures  2.15  and  2.23  show  the  locations  where  the  wooden  columns  were  wedged 
into  place  underneath  the  waffle  slabs  and  the  flat  plate,  respectively. 
Photographs  of  the  wooden  upgrading  columns  in  place  for  the  waffle  slabs  and 
the  flat  plate  are  shown  in  Figures  2.36  and  2.37,  respectively.  Each  upgrad¬ 
ing  column  was  approximately  7  feet  10-1/2  inches  in  length  while  the  wedges 
filled  a  gap  of  about  1-1/2  inches. 

The  final  step  in  the  placement  of  the  waffle  slabs  and  the  flat  plate 
involved  the  placing  of  sand  cover  on  the  specimens.  After  the  proper  in¬ 
strumentation  had  been  placed,  as  described  in  paragraph  2.4,  the  lid  of  the 
entranceway  was  closed,  and  a  fairly  uniform  sand  was  spread  on  top  of  the 
specimen  to  a  depth  of  18  inches.  The  soil  surface  was  then  sealed,  as  re¬ 
quired  for  the  type  of  test  to  follow,  which  is  discussed  in  paragraph  2.5. 

2.4  INSTPUMENTATION 

2.4.1  Individual  Panel  Specimens 

Each  of  the  19-  by  19-  by  3-inch  waffle-slab  panels,  19-  by  3-inch  one¬ 
way  panels,  and  30-  by  30-  by  3-inch  waffle-slab  panels  was  instrumented  sim¬ 
ilarly.  One  Trans-Tek  linear  variable  displacement  transducer  was  placed  under 
the  center  of  the  specimen  to  measure  deflections.  Figure  2.3C  shows  the  de¬ 
flection  gage  mount  inside  the  SBLG.  The  deflection  gage  was  connected  to  the 
mount  at  the  correct  height  to  insure  contact  with  the  underside  of  the  speci¬ 
men.  The  magnitude  of  the  applied  load  during  the  static  te3t  was  measured 
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with  two  pressure  gages  mounted  on  the  inside  surface  of  the  SBLG's  pressure 
bonnet.  Two  interface  pressure  gage  mounts  were  also  installed  in  the  speci¬ 
men  to  house  interface  pressure  gages.  However,  after  the  first  test  revealed 
that  the  interface  pressure  gages  and  the  pressure  gages  in  the  bonnet  mea¬ 
sured  almost  identical  pressures,  the  use  of  interface  pressure  gages  was 
discontinued . 

2.4.2  4-Inch-Thick  Slabs  on  Grade 

Although  one  4-inch-thick  slab  on  grade  was  tested  statically  and  one  was 
tested  dynamically,  the  two  slabs  were  similarly  instrumented.  Figure  2.38 
shows  the  instrumentation  layout  for  the  slabs  on  grade.  Seven  Trans-Tek  lin¬ 
ear  variable  displacement  transducers  were  mounted  on  a  bar  which  spanned  the 
diameter  of  the  top  SBLG  ring  to  measure  deflection  of  the  slab  on  grade.  One 
load  cell  was  mounted  above  the  loading  head  to  determine  the  magnitude  of  the 
load  applied  to  the  ccmposite  wooden  post.  By  correlating  the  deflections  of 
the  slab  with  the  applied  load  at  any  point  in  time,  SL  personnel  could  deter¬ 
mine  the  punching  strength  of  the  4-inch-thick  slab  on  grade. 

2.4.3  Center  Portion  of  a  24-Foot- 
Square  Waffle-Slab  Floor 

Figure  2.39  shows  the  instrumentation  layout  for  the  waffle-slab  speci¬ 
mens.  As  noted  in  Figure  2.39,  the  instrumentation  of  the  dynamically  tested 
slab  differed  from  that  of  the  statically  tested  slab  by  requiring  five  air- 
blast  gages  to  measure  airblast  pressures  applied  to  the  structure;  otherwise, 
the  two  slabs  were  instrumented  identically  with  various  types  of  transducers 
strategically  located  on  and  within  the  specimen.  Excluding  the  airblast 
gages,  a  total  of  42  transducers  were  used  per  specimen. 

2.4.3. 1  Deflection  Measurements.  Fourteen  Trans-Tek  linear  variable 
displacement  transducers  were  mounted  on  a  structure  specifically  built  for 
that  purpose  as  shown  in  Figure  2.40.  The  displacement  transducers  measured 
the  vertical  deflection  of  the  specimen  at  the  locations  shown  in  Figure  2.39. 

2.4.3. 2  Pressure  Measurements.  Two  pressure  gages  we~e  mounted  in  the 
B  ring  of  the  LBLG  to  measure  the  applied  pressure  in  the  cavity  above  the 
specimen. 

2.4.3.3  Soil-Stress  Measurements.  Eight  soil-stress  gages  were  placed 
on  a  1-inch  soil  layer  on  top  of  the  specimen  before  placement  of  the  18-inch 
soil  cover.  The  soil-stress  gages  measured  the  magnitude  of  overpressures 
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applied  at  the  eight  locations  in  order  to  allow  investigation  of  load  trans¬ 
fer  through  the  soil  cover. 

2. 4. 3. 4  Strain  Measurements.  Sixteen  strain  gages  were  placed  on  the 
reinforcement  steel  of  the  specimen  at  the  locations  shown  in  Figure  2.39. 

The  strain  gages  were  placed  in  pairs  with  one  gage  on  a  top  reinforcement  bar 
and  one  on  a  nearby  bottom  reinforcement  bar  in  parallel  alignment.  The 
strain  gages  were  bonded  to  the  bar  with  a  heat-curing  epoxy  after  the  bar  had 
been  cleaned  and  lightly  sanded.  Lead  wires  were  then  attached  to  the  strain 
gages,  and  the  locations  were  waterproofed  with  synthetic  rubber  compounds. 

2. 4. 3. 5  Load  Measurements.  Two  200,000-lb-capacity  load  cells  were  used 
to  measure  the  vertical  load  applied  to  two  of  the  wooden  upgrading  columns  as 
furthei  confirmation  of  the  load  applied  to  the  specimen. 

2.4.4  Center  Portion  of  a  22-Foot- 
Square  Flat  Plate 

Figure  2.41  shows  the  instrumentation  layout  for  the  flat-plate  specimen. 
A  total  of  36  transducers  were  used  to  investigate  the  specimen's  behavior 
during  static  loading. 

2.4.4. 1  Deflection  Measurements.  Eight  Trans-Tek  linear  variable  dis¬ 
placement  transducers  were  mounted  on  a  structure  similar  to  the  one  used  in 
the  waffle-slab  tests,  shown  in  Figure  2.40.  The  displacement  transducers 
measured  the  vertical  deflection  of  the  specimen  at  the  locations  shown  in 
Figure  2.41. 

2. 4. 4. 2  Pressure  Measurements.  Two  pressure  gages  were  mounted  in  the 
B  ring  of  the  LBLG  to  measure  the  static  pressure  above  the  soil  cover. 

2.4. 4. 3  Soil-Stress  Measurements.  Eight  soil-stress  gages  were  placed 
on  a  1-inch  soil  layer  on  top  of  the  specimen  before  placement  of  the  18-inch 
soil  cover.  The  soil-stress  gages  measured  the  magnitude  of  the  overpressures 
applied  at  the  eight  locations  shown  in  Figure  2.41  to  allow  investigation  of 
load  transfer  through  the  soil  cover. 

2. 4. 4.4  Strain  Measurements.  Eighteen  strain  gages  were  placed  on  the 
reinforcement  steel  of  the  specimen  at  the  locations  shown  in  Figure  2.41. 

The  strain  gages  were  placed  in  pairs,  with  one  gage  on  a  top  reinforcement 
bar  and  one  on  a  nearby  bottom  reinforcement  bar  in  parallel  alignment.  The 
strain  gages  were  bonded  to  the  bar  with  a  heat-curing  epoxy  after  the  bar  had 
been  cleaned  3nd  lightly  sandea.  Lead  wires  were  then  attached  to  the  strain 
gages,  and  the  locations  were  waterproofed  with  synthetic  rubber  compounds. 
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2.4. 4.5  Load  Measurements,  Two  2C0, 000-pound-capacity  load  cells  were 
used  to  measure  the  vertical  load  applied  to  two  of  the  wooden  upgrading 
columns . 

2.5  TEST  PROCEDURES 

After  the  specimens  had  been  placed  in  their  respective  loading  devices, 
as  described  in  paragraph  2.3,  the  tests  were  performed  in  accordance  with  the 
following  procedures. 

2.5.1  Individual  Panel  Specimens 

The  19-  by  19-  by  3-inch  waffle-slab  panels,  the  19-  by  3-inch  oneway 
slabs,  and  the  30-  by  30-  by  3-inch  waffle-slab  panels  were  all  statically 
tested  in  the  SBLG.  For  the  static  tests,  water  pressure  was  used  tc  apply 
a  uniform  load.  Water  pressure  loading  was  chosen  instead  of  air  pressure 
loading,  since  it  allows  a  better  determination  of  the  deflection-resistance 
curve.  Air  pressure  loading  often  causes  a  sudden  failure  due  to  air  expan¬ 
sion  when  the  resistance  of  the  specimen  begins  to  decrease. 

Final  steps  in  preparation  for  testing  included  placement  of  a  3/32-inch- 
thick  neoprene  rubber  diaphragm  over  the  specimen's  surface  to  prevent  loss  of 
pressure  when  the  slab  deflected  and  cracked.  The  diaphragm  extended  across 
the  specimen  and  across  the  flange  of  the  top  ring  of  the  SBLG.  Between  the 
neoprene  and  specimen,  an  unsecured  6-mil-thick  sheet  of  polyethylene  was 
placed  and  covered  with  powder  to  provide  a  low-friction  surface  for  the  neo¬ 
prene  diaphragm  to  slide  on.  The  pressure  bonnet  was  bolted  to  the  flange  of 
the  top  ring,  thereby  sealing  the  SBLG  and  securing  the  diaphragm's  edge  be¬ 
tween  the  flanges  of  the  bonnet  and  the  top  ring.  The  air  void  above  the 
model  was  then  filled  with  water.  Immediately  before  the  water  pressure  was 
applied,  calibration  steps  for  the  instrumentation  transducers  were  recorded. 

Water  pressure  for  loading  was  obtained  from  an  air-driven  pump.  The  load 
was  applied  at  a  pressure  increase  of  approximately  80  psi/min.  Water  flow  was 
continued  until  total  loss  of  pressure  or  diaphragm  rupture  occurred.  Posttest 
photographs  were  taken  of  each  test  slab  with  a  still  camera.  The  specimen  was 
removed  from  the  support  ring  which  was  then  prepared  for  the  next  specimen. 

2.5.2  4-Inch-Thick  Slabs  on  Grade 

The  4-inch-thick  slabs  on  grade  were  tested  in  the  200-kip  loader. 
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Although  one  slab  was  loaded  statically  and  one  was  loaded  dynamically,  the 
two  tests  were  conducted  similarly  with  the  exception  of  rate  of  load  appli¬ 
cation.  Immediately  preceding  load  initiation,  calibration  steps  for  the  in¬ 
strumentation  transducers  were  recorded. 

At  the  start  of  the  test,  equal  pressures  were  maintained  on  both  sides 
of  the  loader's  main  loading  piston.  To  load  the  specimen  in  compression,  an 
unbalanced  pressure  was  caused  by  releasing  oil  from  below  the  piston  and  al¬ 
lowing  it  to  flow  through  a  variable  orifice  which  controlled  the  rise-time 
characteristics  of  the  applied  load. 

2.5.3  Center  Portions  of  a  24-Foot- 
Square  Waffle-Slab  Floor  and  a 
22-Foot-Square  Flat  Plate 

The  one  flat  plate  and  the  two  waffle-slab  center  portions  were  tested  in 
the  LBLG.  The  flat-plate  specimen  and  one  waffle-slab  specimen  were  tested 
statically,  and  the  remaining  waffle-slab  specimen  was  tested  dynamically. 

2.5.3. 1  Static  Tests.  Water  pressure  was  used  to  apply  a  uniform  load 
for  the  static  tests.  As  mentioned  in  paragraph  2.3,  it  was  necessary  to  seal 
the  specimen  and  soil  cover  from  the  water.  A  6-mil-thick  layer  of  polyeth¬ 
ylene  was  placed  over  the  soil  surface  and  taped  to  the  sides  of  the  chamber. 

A  0.035-inch-thick  polyurethane  diaphragm  was  placed  atop  the  polyethylene  and 
glued  to  the  chamber's  side  to  form  a  water  seal. 

After  the  water  seal  had  been  completed,  the  top  ring  and  lid  of  the  test 
chamber  were  installed  and  the  chamber  was  moved  into  the  Central  Firing  Sta¬ 
tion  (CFS).  The  air  void  above  the  model  was  then  filled  with  water. 

Water  pressure  for  loading  was  obtained  by  passing  tap  water  through  a 
pressure  regulator.  The  water  pressure  in  the  water  mains  at  the  time  of 
testing  was  approximately  80  psi.  Before  the  pressure  was  applied,  calibra¬ 
tion  steps  were  recorded  for  the  instrumentation  transducers.  Water  pressure 
was  then  applied  to  the  specimen  at  a  rate  of  approximately  6  psi/min  until 
the  water-sealing  membrane  ruptured.  One  water-pressure  transducer,  one  slab- 
deflection  transducer,  and  one  Bourdon-type  mechanical  pressure  gage  connected 
to  the  water  chamber  above  the  model  were  monitored  throughout  the  test. 

The  test  chamber  was  then  rolled  out  of  the  CFS  so  that  the  top  ring, 
lid,  and  sealing  membranes  could  be  removed.  After  removal  of  the  soil  cover, 
the  specimen  was  examined  and  photographed.  The  slab  was  then  removed  from 
the  reaction  wall  and  chamber. 
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2.5. 3. 2  Dynamic  Test.  Primacord  explosive  was  used  to  apply  a  dynamic 
load  to  the  waffle  slab.  A  6-mil-thick  layer  of  polyethylene  was  placed  over 
the  soil  surface  and  taped  to  the  sides  of  the  chamber  to  serve  as  a  barrier 
to  prevent  the  airblast  pressure  from  entering  the  sand  layer.  Approximately 
1  inch  of  sand  was  placed  over  the  polyethylene  to  protect  it  from  heat. 

Before  the  top  ring  and  lid  were  placed  on  the  test  chamber,  the  amount 
of  Primacord  explosive  necessary  to  produce  the  desired  pressure,  based  on 
calibration  curves  and  past  use  of  the  LBLG,  was  strung  in  the  firing  tubes 
atop  the  specimen.  With  the  top  ring's  exhaust  ports  open,  the  chamber  was 
then  closed  and  placed  in  the  CFS. 

Overpressure  was  generated  by  detonation  of  the  Primacord  after  the  cali¬ 
bration  of  the  transducers  had  been  completed. 

The  chamber  was  then  rolled  out  of  the  CFS  so  that  the  top  rings  and  lid 
could  be  removed.  Examination  of  the  specimen  revealed  that  only  slight  dam¬ 
age  had  occurred.  Therefore,  after  detailed  photographs  had  been  taken,  the 
specimen  and  chamber  were  prepared  for  another  testing  in  the  same  manner  as 
before. 

An  overpressure  greater  in  magnitude  than  that  of  the  first  testing  was 
generated  by  detonation  of  Primacord.  The  chamber  was  then  rolled  out  of  the 
CFS  and  opened  so  that  the  final  examination  and  detailed  photography  on  the 
specimen  could  be  performed. 


#4  BARS 


SECT.  A-A 

Figure  2.1  19-  by  19-  by  3-inch  waffle-slab  panel. 


Figure  2.4 
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4  BARS 


E 


ch  waffle-slab  panel. 


Figure  2.7  30-  by  30-  by  3-inch  waffle-slab  panel 

formwork  and  reinforcing  steel. 


Figure  2.8  Bottom  of  30-  by  30-  by  3-inch  waffle-slab  panel. 
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LOAD  APPLIED 


SOIL 

(COMPACTED  TO  95%) 


U  S  STANMftO  Sltvt  NUM 


Figure  2.10  Gradation  curve  of  soil  used  in  test  specimens 
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LEGEND 


■  WOOOEN  UPGRADING 
COLUMN 


Figure  2.15  Center  portion  of  a  waffle-slab  floor 
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DROP  PANEL 


NOTE:  TEST  SPECIMEN  REPRESENTED  BY  SHADED  AREA. 

REMAINING  AREA  INSIDE  CIRCLE  TRANSFORMED 
TO  RIGID  SUPPORT. 

Figure  2.16  Center  portion  of  waffle  slab. 
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6"x6" 

W2.9*W2.9 


NOTE:  BARS  A  THRU  D  -  #4 
BARS  E  THRU  J  -  #  5 


21/2" — I  l—  2-1/2" 


Figure  2.18  Waffle-slab  top  reinforcing  steel. 
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Figure  2.23  Center  portion  of  a  22-foot-square  flat  plate. 
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a: 

♦- 1-1/2"  E NO 
clearance 


NOTE.  B1,32.B4.B5.  b  86  -  u4  BARS. 

B3.B7  THROUGH  812  -  * 5  BARS. 
USE  3/4"  CHAIRS. 


Figure  2.24  Flat-plate  bottom  reinforcing  steel. 
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Figure  2.25  Flat-plate  top  reinforcing  steel 


Figure  2.27  Small  blast  load  generator  (SBLG) 


CHARACTERISTICS 


1.  PEAK  DYNAMIC  LOAO:  200,000  LB  IN  LESS  THAN  2  MSEC. 

2.  RISE  TIME:  1  TO  200  MSEC. 

3.  HOLD  TIME:  O  TO  200  MSEC. 

4.  DELAY  TIME:  IS  TO  500  MSEC. 

APPLICATIONS 

1.  DETERMINATION  OF  DYNAMIC  STRESS-STRAIN  PROPERTIES 
OF  CONSTRUCTION  MATERIALS. 

2.  DYNAMIC  TEST  OF  STRUCTURAL  ELEMENTS: 

a.  BEAMS  UP  TO  IB  FEET  IN  LENGTH. 

b.  COLUMNS  UP  TO  8  FEET  IN  LENGTH. 

e.  TENSILE  SPECIMENS  UP  TO  3  FEET  IN  LENGTH, 
d.  STRUCTURAL  CONNECTIONS  ANO  FRAMES. 


Figure  2.28  200-kip  loading  device. 


a.  Half  section  of  the  LBLG. 


b.  Cutaway  view  of  the  LBLG. 

Figure  2.29  Large  blast  load  generator  (LBLG). 


Figure  2.31  Test  in  SBLG  of  19-inch-square 
waffle-slab  panel. 


Figure  2.33  Test  in  SBLG  of  30-inch-square 
waffle-slab  panel. 
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Figure  2.34  Test  in  the  200-kip  loader  of  the  punching  strength 
of  a  typical  4-inch-thick  slab  on  grade. 
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NOTE:  48-*  4  BAR-94-1/2"  LONG 


Figure  2.35  Concrete  support  ring  inside  the  LBLG. 
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LEGEND 

53  AIRBLAST  (DYNAMIC  TEST  ONLY) 

•  OEFLECTION  GAGE 

•  LOAO  CELL 

.  SOIL  STRESS  GAGE 
II  STRAIN  GAGE  PAIR 
[~~]  UPGRAOING  POST 

Figure  2.39  Instrumentation  of  center  portion  of  a  waffle  slab 


•  SOIL  STRESS  GAGE 
ZS  STRAIN  GAGE  PAIR 
n  UPGRADING  POST 


Figure  2.41  Instrumentation  of  center  portion  of  a  flat  plate. 
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CHAPTER  3 


EXPERIMENTAL  RESULTS 

The  results  of  the  experiments  are  presented  in  this  chapter  and  in  the 
appendices.  A  general  description  of  the  data  produced  and  of  the  performance 
of  each  specimen  and  accompanying  instrumentation  is  presented  herein.  Fur¬ 
ther  discussion  and  analyses  of  the  results  are  presented  in  Chapter  4. 

3.1  19-  BY  19-  BY  3-INCH 

WAFFLE-SLAB  PANEL 

One  19-  by  19-  by  3-inch  waffle-slab  panel  was  statically  tested  in  the 
SBLG.  Recorded  data  from  t.  ’  panel  test  are  presented  in  Figures  A.1-A.3  of 
Appendix  A. 

The  pressure  on  the  panel  was  continually  increased  until  the  pressure 
supported  by  the  specimen  reached  approximately  970  psi.  The  pressure  then 
suddenly  decreased,  and  the  test  was  terminated  as  the  waffle  panel  and  the 
water-sealing  membrane  ruptured  allowing  water  to  enter  the  lower  portion  of 
the  test  chamber. 

A  posttest  view  of  the  waffle-slab  panel  bottomside  is  shown  in  Fig¬ 
ure  3.1.  The  panel  sheared  at  an  angle  of  approximately  45  degrees  near  the 
panel's  perimeter  forming  a  near-circular  shaped  rupture  area  with  a  diameter 
of  approximately  15  inches,  as  shown  in  the  posttest  topside  view  in  Figure  3.2. 

3.2  19-  BY  19-  BY  3-INCH  ONE-WAY  SLAB 

Five  19-  by  19-  by  3-inch  one-way  slabs  were  statically  tested  in  the 
SBLG.  The  five  specimens  responded  similarly  to  the  applied  load.  Recorded 
data  from  a  typical  slab  test  are  presented  in  Figures  A.4-A.6  of  Appendix  A. 

The  pressure  on  the  specimen  was  continually  increased  until  it  reached 
an  approximate  value  of  445  psi.  The  pressure  suddenly  decreased  when  a  flex¬ 
ural  three-hinged  mechanism  formed  causing  the  slab  to  collapse  and  the  water¬ 
sealing  membrane  to  rupture.  Figure  3.3  is  a  posttest  view  of  the  one-way 
slab. 

3.3  30-  BY  30-  BY  3-INCH 

WAFFLE-SLAB  PANEL 

Two  30-  by  30-inch  waffle-slab  panels  were  statically  tested  in  the  SBLG. 
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Figures  A.7-A.9  in  Appendix  A  present  data  typical  of  the  tests. 

The  applied  pressure  supported  by  the  specimen  was  continually  increased 
until  it  approached  an  approximate  value  of  347  psi.  A  sudden  decrease  in  the 
applied  pressure  then  occurred.  Figure  3.4  is  a  posttest  view  of  the  panel 
showing  the  ruptured  area  with  initiation  of  a  45-degree  shear  plane  angle 
along  the  panel's  inside  perimeter. 

3.4  PUNCHING  STRENGTH  OF  A  4- INCH- 
THICK  SLAB  ON  GRADE 

One  specimen  was  tested  statically,  and  one  was  tested  dynamically. 

3.4.1  Static  Test 

Recorded  data  from  the  static  test  are  presented  in  Figures  B.1-B.8  in 
Appendix  B.  The  load  forcing  the  composite  wooden  column  against  the  slab  was 
continually  increased  until  it  reached  a  value  of  79.4  kips.  The  magnitude  of 
the  load  then  suddenly  decreased,  indicating  that  the  column  had  punched  into 
the  slab  as  shown  in  Figure  3.5. 

3.4.2  Dynamic  Test 

Recorded  data  from  the  dynamic  test  are  presented  in  Figures  B.9-B.14  in 
Appendix  B.  The  peak  dynamic  load  of  135  kips  transferred  to  the  slab  by  the 
composite  wooden  post  was  reached  in  a  period  of  200  msec.  Figures  3.6  and 
3.7,  respectively,  show  the  posttest  topside  and  bottomside  views  of  the  slab. 

3.5  CENTER  PORTION  OF  A  24-FOOT- 
SQUARE  WAFFLE -SLAB  FLOOR 

One  waffle-slab  specimen  was  tested  statically  and  one  was  tested  dynam¬ 
ically  in  the  LBLG.  The  dynamically  tested  slab  was  dynamically  loaded  twice 
before  structural  collapse  occurred.  The  two  dynamic  loadings  are  referred  to 
as  the  "First  Dynamic  Test"  and  the  "Second  Dynamic  Test." 

3.5.1  Static  Test 

Recorded  data  from  the  static  test  are  presented  in  Figures  C.1-C.37  in 
Appendix  C.  The  static  pressure  applied  to  the  specimen  was  continually  in¬ 
creased  until  it  reached  an  approximate  value  of  44.0  psi.  Large  deflections 
of  the  slab,  resulting  in  a  sudden  decrease  in  pressure  as  the  water-sealing 
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membrane  ruptured,  caused  termination  of  the  test. 

The  slab  model  as  it  appeared  after  removal  of  the  sealing  membrane  and 
sand  cover  is  shown  in  Figure  3.8.  The  shearing  of  the  slab  along  the  waffled 
boundary  was  responsible  for  most  of  the  model  slab's  displacement  as  shown  in 
Figure  3.9.  The  sheared  slab  did  not  collapse  to  the  test  chamber's  floor  due 
to  the  immediate  relief  from  loading  pressure  when  the  sealing  membrane  rup¬ 
tured.  Therefore,  the  model  slab  remained  supported  only  by  reinforcement 
steel  along  the  waffle  boundary  as  shown  in  Figure  3.10.  Figure  3.11  shows 
the  model's  buckled  composite  wooden  upgrading  posts  on  the  test  chamber’s 
floor,  unable  to  help  support  the  posttest  slab. 

Apparent  flexural  deflection  and  flexural  cracks  of  the  waffle  slab  are 
visible  in  Figure  3.12. 

3.5.2  First  Dynamic  Test 

Recorded  data  from  the  first  dynamic  test  are  presented  in  Figures  C.38- 
C.84  in  Appendix  C.  A  peak  dynamic  pressure  loading  of  approximately  34.0  psi 
was  applied  to  the  waffle  slab. 

The  dynamic  loading  produced  minor  structural  damage  to  the  upgraded  slab 
system.  Upgrading  post  U9  fell  to  the  floor  of  the  test  chamber  (refer' to 
Figure  2.39).  The  applied  load  caused  the  upgrading  post  to  compress  the 
wooden  wedges  beneath  the  post,  resulting  in  the  loss  of  surface  contact  be¬ 
tween  the  upgrading  post  and  the  waffle  slab.  Upgrading  post  U5  experienced 
some  surface  contact  loss  with  the  waffle  slab,  resulting  in  a  tilt  of  the 
post  before  contact  was  regained.  Figure  3.13  shows  upgrading  post  U9  on  the 
test  chamber's  floor  with  post  U5  in  the  background. 

Noticeable  hairline  cracks  in  the  slab  were  located  in  one  region  of  the 
specimen.  The  cracks  formed  along  one  row  of  the  waffle-slab's  panels  during 
the  test  as  shown  in  Figure  3.14.  The  waffle-slab  edge  parallel  to  the  row  of 
cracked  panels,  as  shown  in  Figure  3.14,  is  located  next  to  the  specimen's 
entryway  hatch.  In  reference  to  Figure  2.37,  the  waffle-slab's  southwest  cor¬ 
ner  panel  also  experienced  cracking  as  shown  in  Figure  3.15.  The  described 
cracks  were  darkened  with  a  black  marker  to  make  them  more  visible  in  their 
respective  photographs. 

3.5.3  Second  Dynamic  Test 

Recorded  data  from  the  second  dynamic  test  are  presented  in 


59 


Figures  C.85-C.131  in  Appendix  C.  A  peak  dynamic  pressure  loading  of  approxi¬ 
mately  61.1  psi  was  applied  to  the  slab  system. 

Extensive  structural  damage  occurred  to  the  upgraded  waffle-slab  system. 
Figure  3.16  is  a  posttest  view  of  the  test  chamber  with  collapsed  specimen 
after  removal  of  the  water  sealing  membrane.  Figure  3.17  allows  a  more  vis¬ 
ible  view  of  the  specimen's  debris  after  removal  of  most  of  the  sand  cover. 

The  waffle  slab  sheared  along  its  perimeter  at  an  approximate  angle  of 
45  degrees  as  shown  in  the  slab  corner  view  in  Figure  3.18.  Some  of  the 
wooden  upgrading  columns  located  along  the  slab's  waffle  perimeter  remained  in 
position  after  the  test,  although  spalling  occurred  on  surrounding  concrete. 

3.6  CENTER  PORTION  OF  A  22-FOOT- 

SQUARE  FLAT  PLATE 

The  center  portion  of  the  22-foot-square  upgraded  flat  plate  was  stat¬ 
ically  tested  in  the  LBLG.  Recorded  data  from  tne  static  test  are  presented 
in  Figures  D.1-D.37  in  Appendix  D.  The  static  pressure  applied  to  the  speci¬ 
men  was  continually  increased  until  it  reached  an  approximate  value  of 
38.0  psi.  Collapse  of  the  wooden  columns  allowed  the  slab  to  deflect 
3.0  inches.  Figure  3.19  shows  the  topside  of  the  damaged  flat  plate.  Some 
of  the  collapsed  upgrading  columns  are  shown  on  the  test  chamber  floor  in 
Figure  3.20. 

Numerous  cracks,  ranging  in  size  from  hairline  cracks  to  highly  visible 
cracks,  developed  on  the  bottomside  of  the  specimen  as  it  deflected.  Fig¬ 
ure  3.21  shows  the  bottomside  cracks  of  the  tested  flat  plate  suspended  from 


a  crane. 
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Figure  3.7  Posttest  bottomside 
view  of  dynamically 
punched  4-inch-thick 
slab  on  grade. 


igure  3.13  Displaced  upgrading 
columns  in  first 
dynamic  waffle-slab 
test . 
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Figure  3 . 16 


Second  dynamic  test  on  waffle  slab  after 
removal  of  water  sealing  membrane. 
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Figure  3.17  Second  dynamic  test  on  waffle  slab  af 
removal  of  slab  sand  overburden. 


Figure  3.18  Sheared  waffle  slab  after 
second  dynamic  test. 
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Figure  3.19  Topside  posttest  view  of  statically 
tested  upgraded  flat  plate. 
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Figure  3.21  Bottomside  posttest  view  of  statically  tested 
flat-plate  center  portion. 
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CHAPTER  4 


DISCUSSION  OF  TEST  RESULTS 


4.1.  19-  BY  19-  BY  3-INCH 

WAFFLE -SLAB  PANEL 

The  original  test  program  called  for  several  tests  to  be  performed  on  19- 
by  19-  by  3-inch  waffle  panels.  Since  the  waffle  panels  were  expected  to  be  a 
weak  component  of  a  waffle-slab  system,  the  test  would  include  techniques  for 
upgrading  the  panels.  However,  the  first  waffle  test  resulted  in  a  sustained 
overpressure  considerably  greater  than  expected.  SL  personnel  then  concluded 
that  the  19-inch  waffle  panels  would  not  be  a  probable  weak  component  of  a 
waffle-slab  system.  Therefore,  the  remaining  19-  by  19-inch  waffle  panels 
were  properly  sawed  to  transform  them  into  19-  by  19-inch  one-way  slabs  which 
are  discussed  in  paragraph  4.2. 

The  primary  mode  of  structural  response  for  the  waffle-slab  panels  was 
shear.  The  panel  specimens  had  a  span/thickness  ratio  of  6.3,  indicating  that 
the  panels  are  susceptible  to  behaving  as  deep  slabs. 

The  average  shear  stress  of  a  typical  waffle-slab  panel  can  be  computed 
on  the  basis  of  the  ordinary  equation  for  average  shear  stress  in  a  reinforced 
concrete  member: 


(4.1) 


where 

v  =  unit  shear  stress 
u 

V  =  total  shear  force  transferred  through  the  section 
b  =  perimeter  of  the  section  located  d/2  away  from  the  reaction  area 
d  =  effective  depth  of  the  section 

Using  Equation  4.1  with  d  equal  to  the  total  panel  thickness  of 
3  inches,  an  analysis  of  the  shear  stresses  for  the  maximum  attained  experi¬ 
mental  load  of  970  psi  gives  a  unit  shear  stress  of  854  psi.  The  waffle-slab 
panel  was  reinforced  at  midheight  with  6x6-  W2.9  *  W2.9  welded  wire  fabric, 
giving  a  steel  ratio  of  0.00305  for  a  d  value  of  1.5  inches.  The  use  of  an 
effective  depth  value  equal  to  1.5  inches  in  Equation  4.1  would  yield  a  unit 
shear  stress  value  of  1,708  psi  as  compared  to  the  previously  mentioned  value 
of  854  psi  for  a  d  value  of  3  inches. 


72 


The  formulation  of  Equation  4.1  considers  the  effective  depth  d  to  be 
the  depth  of  the  tension  steel  in  a  reinforced  concrete  member,  and  a  minimum 
amount  of  concrete  cover  beneath  the  steel  is  expected  to  exist  in  standard 
practice.  Since  midheight  of  a  concrete  member  is  not  deep  into  the  zone  of 
tension  and  a  relatively  large  amount  of  concrete  cover  exists  beneath  the 
steel,  the  use  of  an  effective  depth  value  of  1.5  inches  in  Equation  4.1  for 
the  waffle  panel  is  unwarranted.  An  effective  depth  equal  to  the  total  panel 
thickness  is  a  more  logical  value  for  use  in  Equation  4.1,  especially  since 
the  equation  concerns  shear.  An  effective  depth  of  3  inches  yields  a  steel 
ratio  of  0.00153  as  compared  to  the  previously  mentioned  value  of  0.00305  for 
an  effective  depth  of  1.5  inches. 

Gamble  et  al.  (Reference  6)  discusses  several  slabs  tested  by  Brotchie 
et  al.  (Reference  7)  in  which  the  span/thickness  ratio  was  as  low  as  5.0, 
while  the  span/thickness  ratio  is  6.3  in  the  present  study.  The  slabs  were 
square  or  rectangular,  and  the  lower  edges  were  restrained  against  lateral 
movement  during  most  of  the  tests  to  simulate  friction  between  the  slab  and 
the  support.  The  primary  mode  of  failure  in  ten  square  slabs  with  a  span/ 
thickness  ratio  of  5.0  was  shear  failure.  The  average  ultimate  shear  stresses 
at  the  face  of  the  support  ranged  from  830  psi  in  an  unreinforced  slab  to 
1,900  psi  in  a  slab  with  a  tension  steel  ratio  of  0.02.  A  slab  with  a  tension 
steel  ratio  of  0.03  was  resisting  an  average  shear  stress  of  2,350  psi  when 
the  loading  membrane  broke.  An  edge  detail  failure  occurred  in  a  similar  slab 
when  the  average  shear  stress  reached  1,670  psi.  The  concrete  strengths  were 
in  the  range  of  3,000  to  4,000  psi. 

The  testing  of  the  19-  by  19-  by  3-inch  waffle-slab  panels  in  this  study 
is  comparable  to  the  testing  by  Brotchie  et  al.,  since  the  span/thickness  ra¬ 
tios  were  similar  and  the  edges  were  restrained  against  lateral  movement.  The 
concrete  strengths  of  the  panels  were  in  the  range  of  5,000  psi.  The  0.00153 
steel  ratio  of  a  panel  is  relatively  closer  to  that  of  Brotchie's  unreinforced 
slab  than  his  slab  having  an  0.02  tension  steel  ratio.  The  physical  similari¬ 
ties  in  the  waffle  panel  and  the  unreinforced  slab  resulted  in  similar  struc¬ 
tural  response  to  applied  load.  The  specimens  experienced  shear  failure  with 
average  ultimate  shear  stresses  of  854  psi  and  830  psi  for  the  waffle  panel 
and  Brotchie's  unreinfor^ed  slab,  respectively. 

Gamble  and  others  (Reference  6)  developed  the  first  empirical  equation 
applicable  to  deep  slabs.  TV  s.an/thickness  ratios  of  Brotchie's  slab  and 
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the  waffle  panels  of  the  present  study  approach  that  which  is  associated  with 
the  term  "deep  slab."  Gamble's  equation  was  developed  from  test  data  on 
1/14-scale  deep  circular  slabs  having  a  span/ thickness  ratio  of  3.5.  The 
circular  slabs  were  supported  flat  over  a  circular  opening  and  subjected  to 
static  overpressure.  The  primary  mode  of  failure  in  Gamble's  slabs  was  shear. 
It  was  shown  that  a  high  frictional  force  developed  between  the  slab  and  its 
support  structure  causing  compressive  in-plane  forces,  preventing  flexural 
•failure . 

Gamble  found  that  for  deep  circular  slabs,  the  ultimate  shear  stress  is  a 
function  of  f^  and  is  represented  by 

v  =  k>IF~  (4.2) 

u  ,  c 

where 

v  =  ultimate  shear  stress 
u 

k  =  an  empirical  constant 
f^  =  compressive  strengtn  of  concrete 

The  ultimate  shear  stress  was  found  to  occur  on  a  section  equal  to  the  full 
slab  thickness  t  and  located  a  distance  t  from  the  face  of  the  support. 

The  empirical  constant  k  was  determined  to  have  values  ranging  from  9.0  to 
13.5  with  an  average  value  of  11.2  for  the  circular  deep  slabs. 

Application  of  Equation  4.2  to  the  waffle-slib  panel  experimental  data 
yields  an  empirical  constant  k  value  of  11.8,  which  is  comparable  to  the 

11.2  average  value  for  Gamble's  circular  slabs. 

4.2  19-  BY  19-  BY  3-INCH  ONE-WAY  SLAB 

The  primary  mode  of  structural  response  for  the  one-way  slab  was  flexural 
bending.  The  slab  was  supported  ?t  the  ends  under  fixed-fixed  conditions  with 
characteristics  of  an  indeterminate  member. 

Crawford  and  others  (Reference  8)  present  expressions  for  flexural  capac¬ 
ity  of  indeterminate  members,  assuming  the  formation  of  plastic  hinges  at  the 
supports  and  midspan.  The  one-way  indeterminate  slab  in  the  present  study 
collapsed  after  the  formation  of  plastic  hinges,  as  assumed  by  Crawford.  The 
expression  presented  by  Crawford  for  the  flexural  capacity  of  a  one-way  member 
with  fixed  supports  resisting  a  unifonr  load  is 
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Pfa  =  7-^Pc  +  Pe)fyb  [l) 


(4.3) 


where 

=  uniform  load  resistance  of  member  based  on  flexural  capacity 

a  =  width  of  contributary  load  area 

P  =  tensile  steel  ratio  at  midspan 
c 

P  =  tensile  steel  ratio  at  the  end 
e 

f  =  steel  yield  stress 

y 

b  =  beam  width 
d  =  depth  to  center  of  steel 
L  =  span  length 

The  location  of  the  reinforcing  steel  in  the  one-way  slab  presents  a 
problem  of  uncertainty  in  comparative  analysis  with  standard  one-way  members. 
Since  the  steel  is  located  at  midheight  throughout  the  slab,  it  does  not  lie 
deep  enough  into  the  tension  zone  to  be  completely  effective  in  flexural  re¬ 
sistance  at  either  midspan  or  at  the  supports. 

An  adequate  amount  of  test  data  exists  verifying  the  validity  of  Equa¬ 
tion  4.3.  The  equation  includes  the  tension  steel  ratios  at  midspan  and  at 
the  supports  as  a  factor  in  determining  the  flexural  capacity  of  a  one-way 
member.  Reference  3  includes  the  effective  depth  d  in  the  computation  of 
tension  reinforcement  by  the  equation 

p  =  ra  (4-4) 

where 

p  =  ratio  of  tension  reinforcement 

A  =  area  of  tension  reinforcement 
s 

b  =  width  of  member 

d  =  distance  from  extreme  compression  fiber  to  centroid  of  tension 
reinforcement 

2 

The  effective  depth  also  appears  in  Equation  4.3  as  part  of  the  term  (d/L) 

The  remaining  factors  (a,b,L,f  )  in  Equation  4.3  are  as  applicable  to  the  one¬ 
way  slab  of  this  study  as  to  any  typical  one-way  reinforced  concrete  member. 
Therefore,  the  effective  depth  is  the  only  factor  of  Equation  4.3  which  has  an 
unusual  value  in  the  one-way  slab  in  this  study,  since  it  is  equivalent  to  the 
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midheight  of  the  slab.  Hence,  Equation  4.3  may  be  useful  to  this  study  in 
determining  the  effectiveness  of  locating  reinforcement  steel  at  midheight 
in  the  slab  for  the  purpose  of  flexural  resistance. 

The  use  of  Equation  4.3  in  determining  the  effectiveness  of  the  rein¬ 
forcement  steel  requires  that  the  equation  be  solved  for  the  effective  depth 
d  .  Since  the  slab  in  this  study  has  reinforcement  steel  at  the  ends  that  is 
identical  to  that  at  midspan  and  is  also  ?.ocated  at  the  slab's  midheight,  the 

term  (P  +  P  )  should  be  substituted  by  2A  /bd  .  The  substitution  is  based 
c  e  3  s 

on  the  assumption  that  the  slab  may  be  modeled  by  a  typical  one-way  slab  which 
has  positive  bending  steel  at  midspan  and  negative  bending  steel  at  the  ends, 
as  shown  in  Figure  4.1.  The  substitution  and  algebraic  manipulation  results 
in  the  following  equation: 


PfaL2 

d  =  14. 4A  f 

s  y 


(4.5) 


where 

d  =  distance  from  extreme  compression  fiber  to  center  of  steel 
(effective  depth) 

P^  =  uniform  load  resistance  of  member 
a  =  width  of  contributary  load  area 
L  =  span  length 

A  =  area  of  tension  reinforcement  steel 
s 

f  =  steel-vield  stress 

y 

Equation  4.5  yields  an  effective  depth  of  2.14  inches  when  the  value  of 
the  factor  P^  is  assumed  to  be  445  psi,  as  was  determined  from  test  data 
to  be  the  uniform  load  resistance  of  the  slab  in  this  study.  Reference  3  re¬ 
quires  a  minimum  concrete  cover  of  3/4  inch  for  reinforcement  steel  in  slabs 
of  the  type  under  discussion.  Considering  the  radius  of  the  reinforcement 
steel  welded  wire,  the  value  of  effective  depth  recommended  by  Reference  3  is 
2.15  inches.  The  closeness  of  the  two  effective  depth  values  implies  that  the 
computed  effective  depth  of  2.14  inches  may  be  used  in  Equation  4.4  to  deter¬ 
mine  the  effective  tension  steel  ratios  for  the  one-way  slab.  Under  these 
circumstances,  Equation  4.4  yields  a  tension  steel  ratio  of  0.002140.  This 
ratio  applies  to  the  midspan  as  well  as  the  ends  of  the  slab. 

Since  the  effective  depth  computed  on  the  basis  of  a  uniform  load  resis¬ 
tance  of  445  psi  conforms  with  standards  of  a  common  slab,  the  experimentally 
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obtained  load  of  445  psi  appears  to  be  valid.  However,  it  should  not  be  as¬ 
sumed  that  a  one-way  slab  with  steel  reinforcement  located  at  midheight  must 
behave  as  a  slab  with  reinforcement  located  as  recommended  by  the  ACI  code  in 
Reference  3.  It  is  common  engineering  practice  to  assume  the  contrary. 

4.3  30-  BY  30-  BY  3- INCH  WAFFLE  SLAB 

The  primary  mode  of  structural  response  for  the  waffle-slab  panel  was 
shear.  The  span/thickness  ratio  of  the  waffle-slab  panel  was  10.0.  Unlike 
the  19-  by  19-  by  3-inch  panels  discussed  in  paragraph  4.1,  the  30-  by  30-  by 
3-inch  panels  would  not  be  expected  to  behave  as  deep  slabs.  However,  as  dis¬ 
cussed  by  Brotchie  (Reference  7),  the  ultimate  load  capacity  of  a  slab  is  im¬ 
proved  by  external  restraint.  Even  laterally  restrained,  unreinforced  slabs 
are  stronger  than  unrestrained,  conventionally  reinforced  slabs.  Brotchie  in¬ 
dicates  that,  essentially,  the  full  capacity  of  the  concrete  in  compression  is 
utilized  when  the  slab  is  restrained.  Before  cracking,  the  effect  of  external 
restraint  is  to  increase  stiffness  by  less  than  100  percent.  After  cracking, 
but  before  the  crushing  of  concrete,  the  effect  of  external  restraint  is  to 
cause  an  increase  in  stiffness  of  the  order  of  one  to  several  hundred  percent. 

Using  Equation  4.1  with  an  effective  depth  of  3  inches,  as  discussed  in 
paragraph  4.1,  the  maximum  attained  experimental  load  of  347  psi  gives  a  unit 
shear  stress  of  617  psi.  Application  of  this  unit  shear  stress  value  to  Equa¬ 
tion  4.2  yields  an  empirical  constant  k  value  of  9.4,  which  is  comparable  to 
the  9.0  minimum  value  for  Gamble's  deep  circular  slabs.  Since  a  deep  slab  is 
usually  characterized  by  span/thickness  ratios  between  1  and  6,  the  slab  under 
discussion  exhibited  greater  shear  resistance  than  normally  expected  for  a 
slab  having  a  span/ thickness  ratio  of  10. 

4.4  PUNCHING  STRENGTH  OF  A  4-INCH- 

THICK  SLAB  ON  GRADE 

4.4.1  Static  Test 

The  maximum  static  load  applied  to  the  slab  by  the  7-  by  7-inch  wooden 
post  was  79.4  kips.  The  compacted  soil  beneath  the  slab  had  a  load-bearing 
capacity  of  approximately  190  psi.  In  terms  of  a  resultant  force,  the  soil's 
load-bearing  capacity  was  approximately  327  kips  for  the  bearing  area  equiva¬ 
lent  to  the  entire  underside  surface  area  of  the  slab.  The  resultant  force 
of  the  soil’s  load-bearing  capacity  for  the  bearing  area  equivalent  to  the 
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underside  surface  area  of  the  punched  conical  section  of  the  slab  was  approxi¬ 
mately  43  kips.  Therefore,  the  applied  force  of  79.4  kips  is  the  actual  force 
at  which  punching  shear  occurred  in  the  slab,  since  it  is  greater  than  the 
load-bearing  capacity  of  the  soil  under  the  punched  conical  section. 

Use  of  Equation  4.1  produces  a  unit  shear  stress  value  of  451.1  psi. 

This  shear  stress  value  is  considerably  greater  than  the  shear  value  of 
239.7  psi  computed  from  the  expression  Vu  =  4  Vc  given  in  paragraph  11.11.2 
of  the  ACI  code  (Reference  3)  for  shear  stress  at  a  critical  section  located 
d/2  away  from  the  column.  An  empirical  expression  of  the  same  form  as  the 
ACI  code  expression  that  is  compatible  with  the  unit  shear  stress  value  of 
451.1  psi  is  =  7.5  V*T  ,  which  is  an  increase  of  the  ACI  expression  by 
88  percent. 

Criswell  (Reference  9)  reported  that  the  expression  vu  =  4  V^T  under¬ 
estimates  shear  failure  resistance  by  25  percent  for  a  slab-column  connection 
having  an  r/d  ratio  less  than  2  where  r  equals  side  dimension  of  a  square 
column  and  d  equals  effective  depth  of  the  slab.  The  r/d  ratio  in  the 
current  study  is  1.75.  Therefore,  an  underestimate  of  25  percent  may  be  ex¬ 
pected  by  the  expression  =  4  Vc  •  However,  an  underestimate  of  47  per¬ 
cent  actually  occurred.  The  difference  in  the  percentage  of  underestimation 
by  vu  «V?T  between  the  slab  in  the  current  study  and  those  studied  by 
Criswell  is  partially  due  to  support  conditions.  Criswell's  slabs  were  simply 
supported  along  the  edges,  whereas  the  slab  on  grade  was  -  uniformly  supported 
by  the  soil. 

Criswell  reported  that  punching  shear  failure  occurred  at  a  center  de¬ 
flection  of  from  0.7  to  2.0  percent  of  the  span  of  the  specimen.  However,  the 
slab  on  grade  in  the  current  study  experienced  punching  shear  at  a  center  de¬ 
flection  of  approximately  0.02  percent  of  the  span  of  the  specimen.  The  uni¬ 
form  support  beneath  the  slab  on  grade  was  responsible  for  maintaining  the 
small  flexural  deflection.  The  deflections  at  which  punching  shear  failure 
occurred  in  Criswell's  specimens  with  a  reinforcement  steel  ratio  of  0.0075 
were  slightly  over  twice  those  of  the  specimens  with  a  reinforcement  steel 
ratio  of  0.0150.  Also,  the  specimens  with  a  reinforcement  steel  ratio  of 
0.0075  sustained  a  maximum  connection  resistance  force  that  was  approximately 
60  percent  of  the  force  carried  by  the  specimens  with  a  steel  ratio  of  0.0150. 
Therefore,  Criswell's  simply  supported  slabs  showed  that  deflections  decrease 
and  resistance  increases  as  the  steel  ratio  increases.  Such  behavior  related 
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to  reinforcement  steel  ratio  is  expected  in  a  simply  supported  member. 

The  reinforcement  steel  ratio  of  the  slab  on  grade  in  the  current  study 
was  0.001551,  which  is  considerably  less  than  the  lowest  steel  ratio  in 
Criswell's  study.  The  uniform  resistance  of  the  compacted  soil  beneath  the 
slab  on  grade  hindered  deflection  of  the  slab,  causing  a  shear  stress  value  of 
which  the  expression  v  =  4  underestimates  by  22  percent  more  than  it 

underestimates  a  slab  simply  supported  along  the  edges.  Since  the  reinforce¬ 
ment  steel  ratio  of  the  slab  on  grade  was  considerably  low  compared  to 
Criswell's  specimens,  and  slab  deflections  remained  extremely  small,  it  is  im¬ 
plied  that  the  reinforcement  steel  ratio  of  a  slab  on  grade  contributes  little 
to  punching  shear  resistance.  However,  the  current  study  does  not  contain 
multiple  experiments  to  support  the  insignificance  of  the  reinforcement  steel. 
Also,  it  should  be  noted  that  there  must  be  an  upper  limit  at  which  the  steel 
ratio  becomes  great  enough  that  the  quantity  of  steel  is  proportional  to  the 
quantity  of  concrete  to  such  a  degree  that  the  shearing  load  is  basically  re¬ 
sisted  by  the  steel,  leaving  little  purpose  for  the  concrete.  Such  steel 
ratios  are  impractical. 


4.4.2  Dynamic  Test 

A  peak  dynamic  load  of  approximately  135  kips  was  transferred  to  the  slab 
on  grade  by  the  7-  by  7-inch  wooden  post.  This  load  caused  the  wooden  post  tc 
punch  into  the  slab  and  induce  shearing  of  a  conical  section  beneath  the  post 
in  a  manner  similar  to  the  punching  of  the  statically  tested  slab  on  grade. 
However,  the  vast  difference  in  loading  rates  for  the  two  slabs  creates  a  need 
for  further  discussion. 

The  compressive  strength  of  the  concrete  composing  the  dynamically  tested 
slab  was  4,090  psi  as  compared  to  3,590  psi  for  the  statically  tested  slab. 

Use  of  the  empirical  expression,  =  7.5yfT^  ,  of  which  the  constant  was  de¬ 
veloped  from  the  statically  tested  slab,  yields  a  unit  shear  stress  value  of 
480  psi  for  the  dynamically  tested  slab.  Based  upon  remits  of  the  statically 
tested  slab,  a  static  load  of  84.4  kips  would  be  required  to  produce  the 
480-psi  stress. 

Criswell  (Reference  9)  reported  that  the  shear  strength  of  the  slab- 
column  connections  in  his  simply  supported  specimens  increased  slightly  more 
than  the  flexural  strength  with  rapid  loading.  The  increase  in  strength  with 
rapid  loading  averaged  26  percent  for  Criswell's  slabs  failing  in  shear.  A 
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26  percent  increase  in  the  assumed  static  shear  strength  of  the  dynamically 
tested  slab  on  grade  results  in  a  dynamic  load  of  106.4  kips  applied  by  the  7- 
by  7-inch  wooden  post. 

4.5  CENTER  PORTION  OF  A  24-FOOT- 

SQUARE  WAFFLE-SLAB  FLOOR 

Comparison  of  the  waffle-slab  floor  center  portion  with  a  typical  waffle- 
slab  floor  that  may  exist  in  a  bay  of  a  building  reveals  some  physical  differ¬ 
ences  that  could  alter  structural  behavior.  The  differences  are  the  boundary 
conditions  related  to  the  support  of  the  slab.  The  center  portion  tested  in 
the  LBLG  had  an  1 1-inch-thick  reinforced  concrete  boundary  which  reached  to 
the  supportive  concrete  wall  along  the  inside  surface  of  the  test  chamber. 

The  reinforced  concrete  boundary  supported  the  waffle  area  in  a  more 
rigid  manner  than  that  which  typically  occurs  in  waffle-slab  building  con¬ 
struction.  A  typical  waffle-slab  floor  is  supported  by  columns  at  the  four 
corners  of  a  bay.  Between  the  columns,  the  waffle  slab  monolithically  joins 
the  waffle  slabs  of  the  surrounding  bays.  Under  uniform  loading  conditions  of 
a  nonupgraded  waffle-slab  floor,  the  load  is  transferred  to  the  columns  as  the 
waffle  slab  deflects  flexurally.  The  waffle  slabs  of  the  surrounding  bays  de¬ 
flect  similarly  and  do  not  behave  as  rigid  supports  to  each  other. 

The  waffle  slab  tested  in  the  LBLG  was  upgraded  with  twelve  8-ft-long 
wooden  columns  to  increase  its  load-carrying  capacity.  SSI  determined  the 
spacing  between  the  upgrading  columns.  In  the  determination  of  the  upgrading 
column  spacing,  it  was  desirable  to  determine  a  spacing  that  would  utilize 
both  flexural  strength  and  shear  strength  of  the  slab  to  obtain  the  maximum 
load-carrying  capacity.  Eight  of  the  twelve  upgrading  columns  (boundary  col¬ 
umns)  were  located  along  the  boundary  of  the  waffle  slab,  while  the  remaining 
four  columns  (inner  columns)  were  located  near  the  center  of  the  slab.  Load 
cells  were  placed  under  one  of  the  boundary  columns  and  under  one  of  the  inner 
columns  for  the  purpose  of  measuring  applied  load. 

4.5.1  Static  Test 

Both  load  cells  indicated  that  the  columns  had  sustained  a  load  of  ap¬ 
proximately  120  kips  when  failure  of  the  upgraded  slab  system  occurred.  Fig¬ 
ures  C.2  and  C.3  in  Appendix  C  show  the  loading  patterns  of  the  two  columns, 
as  the  uniform  pressure  applied  to  the  slab  increased.  Figure  C.2  indicates 
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that  the  load-carrying  capacity  of  the  inner  column  decreased  to  zero  after 
the  loading  on  the  slab  reached  44  psi.  However,  Figure  C.3  shows  that  the 
load  carried  by  the  column  on  the  waffle-slab  boundary  continued  to  increase 
until  the  large  deflections  of  the  slab  caused  a  loss  of  loading  pressure. 

The  initial  deflections  of  the  slab  at  the  columns  were  allowed  by  the 
compression  of  the  wedges  beneath  the  columns.  The  compression  of  the  wedges 
absorbed  some  of  the  loading  energy  and  may  have  induced  a  redistribution  of 
the  stresses  in  the  slab  by  allowing  some  flexural  response  at  the  slab-column 
connection.  However,  as  the  overpressure  increased  and  the  compression  of  the 
wedges  neared  a  maximum,  the  columns  were  loaded  until  buckling  occurred. 

Posttest  observation  revealed  that  all  four  inner  columns  buckled,  al¬ 
though  all  eight  of  the  boundary  columns  remained  in  plac$.  The  existence  of 
the  boundary  columns  increased  the  rigidity  of  the  11-inch-thick  reinforced 
concrete  boundary  as  the  waffle  slab  sheared  along  the  boundary. 

The  soil-stress  gage  data  presented  in  Figures  C.18-C.25  reveal  that  the 
phenomenon  of  soil  arching  did  occur  during  the  test.  Soil  arching  often  oc¬ 
curs  in  shallow-buried  structures  when  relatively  small  deflections  develop. 
Soil  arching  should  act  to  decrease  the  load  over  the  flexible  portion  of  the 
roof,  provided  a  high  shear  strength  backfill  material  is  used.  The  decrease 
in  load  over  the  flexible  area  should  result  in  an  increase  in  load  at  the 
stiffer  or  hardened  areas  of  the  slab.  The  upgrading  column  locations  of  the 
statically  tested  slab  system  served  as  hardened  areas  which  received  a 
greater  maximum  load  than  flexible  portions  of  the  slab,  thereby  helping  to 
minimize  slab  deflections  and  enhancing  the  concept  of  slab  upgrading.  It  is 
debatable  as  to  which  action  occurred  first:  buckling  of  the  four  inner  col¬ 
umns  or  shearing  of  the  waffle  slab.  It  is  evident  that  one  action  immedi¬ 
ately  followed  the  other,  since  the  recorded  data  reveal  a  sudden  change  in 
slab  deflections  and  column  loading  at  the  44-psi  overpressure  level. 

Assuming  that  the  slab  sheared  and  caused  the  inner  columns  to  buckle,  a 
sudden  increase  in  load  applied  to  the  inner  column  would  be  expected.  How¬ 
ever,  Figure  C.2  reveals  only  a  decrease  in  applied  load  at  the  44-psi  over¬ 
pressure  level.  Based  on  the  absence  of  increased  column  loading  immediately 
preceding  test  termination,  it  appears  that  the  inner  columns  buckled,  leaving 
the  center  portion  of  the  waffle  slab  nonupgraded  and  susceptible  to  immediate 
shearing  action. 

After  the  shearing  of  the  waffle  slab,  the  load  cell  beneath  the  boundary 
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column  indicated  an  increase  in  load  applied  to  the  boundary  column,  as  shown 
in  Figure  C.3.  This  increase  was  due  to  the  absence  of  support  to  the  slab 
system  by  the  buckled  inner  columns.  The  boundary  column  sustained  a  load  of 
approximately  173  kips,  although  the  current  discussion  implies  that  the  simi¬ 
larly  constructed  inner  column  buckled  at  approximately  120  kips.  A  series  of 
static  axial  load  tests  were  performed  on  similar  wooden  columns  in  the  WES 
200-kip  loader,  resulting  in  a  critical  buckling  load  of  153  kips.  A  possible 
explanation  for  premature  buckling  of  the  inner  column  is  the  probable  exis¬ 
tence  of  eccentric  loading  conditions  in  the  column.  The  likelihood  of  eccen¬ 
tric  forces  in  the  column  is  considerably  great  since  the  load  cell  was  be¬ 
neath  the  column  in  perhaps  a  slightly  off-center  position.  Also,  greater 
deflections  of  the  slab  above  the  inner  columns,  as  compared  to  slab  deflec¬ 
tions  at  the  boundary  columns,  could  be  responsible  for  inducing  eccentric 
forces  in  all  four  inner  columns.  However,  there  is  no  explanation  for  the 
ability  of  the  boundary  column  to  surpass  the  experimentally  attained  buckling 
load  of  153  kips  except  for  possible  material  and  loading  variances. 

4.5.2  First  Dynamic  Test 

The  dynamic  loading  producing  a  peak  dynamic  pressure  of  34  psi  caused 
only  minor  structural  damage  as  presented  in  paragraph  3.5.2.  The  peak  pres¬ 
sure  of  34  psi  was  approximately  77  percent  of  the  static  pressure  of  44  psi 
that  "failed"  the  statically  tested  slab  systems. 

The  cracks  which  formed  on  the  underside  of  the  sl3b  were  of  a  flexural 
nature.  No  evidence  of  shear  initiation  was  observed  during  the  posttest  ex¬ 
amination.  Most  of  the  cracks  were  on  the  waffle  joists  at  midspan  of  the 
distance  between  upgrading  columns  where  maximum  positive  bending  would  be  ex¬ 
pected.  The  upgrading  columns  between  which  the  cracks  developed  were  6  feet 
apart  as  compared  to  the  4-foot  distance  between  inner  columns.  However, 
cracks  did  not  form  in  other  regions  of  the  slab  that  were  similar  to  the  re¬ 
gion  with  cracks.  The  existence  of  cracks  in  one  region,  along  with  the  ab¬ 
sence  of  cracks  in  similar  regions,  indicates  that  the  applied  pressure  was 
near  the  level  that  would  impend  cracking  in  many  regions  of  the  slab. 

The  soil-stress  data  in  Figures  C.47-C.54  in  Appendix  C  indicate  that 
soil  arching  occurred  within  the  slab's  overburden  during  the  dynamic  test. 

The  degree  to  which  soil  arching  occurred  may  have  varied  slightly  from  one 
region  of  the  slab  to  another,  although  the  regions  were  physically  identical. 
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The  probable  existence  of  variation  in  the  effect  of  soil  arching  may  have 
been  associated  with  the  nonuniformity  of  crack  formation  in  similar  regions 
of  the  slab. 

The  crack  which  occurred  in  the  panel  shown  in  Figure  3.15  may  have  been 
due  to  the  boundary  conditions.  The  corner  of  the  panel  was  positioned  on  top 
of  the  supportive  concrete  wall.  A  poor  surface  contact  between  the  panel's 
corner  joists  and  concrete  wall  could  have  been  responsible  for  increased 
stresses  at  the  corner. 

Figures  C.40  and  C.41  ia  Appendix  C  show  the  recorded  data  from  the  load 
cells  located  beneath  the  two  upgrading  columns.  The  loading  pattern  applied 
to  the  inner  column  is  shown  in  Figure  C.40.  A  peak  dynamic  load  of  approxi¬ 
mately  220  kips  was  applied  to  the  inner  column  without  the  occurrence  of 
buckling.  The  peak  load  was  an  increase  over  the  maximum  load  applied  to  the 
inner  column  during  the  static  test  discussed  in  paragraph  4.5.1  of  approxi¬ 
mately  83  percent.  Malfunctions  in  the  instrumentation  system  prohibited  the 
collection  of  data  from  the  load  cell  beneath  the  boundary  column,  as  indi¬ 
cated  in  Figure  C.41. 

Peak  deflections  occurring  during  the  dynamic  test  ranged  from  41  to 
120  percent  of  the  maximum  deflections  attained  at  similar  locations  during 
the  static  test  when  rupture  of  the  statically  tested  slab  was  impending. 

This  range  includes  data  from  the  deflection  gage  D3,  which  was  located  at  the 
center  of  a  panel.  The  deflection  indicated  by  the  D3  gage  in  the  static  test 
was  approximately  50  percent  of  the  deflections  measured  by  deflection  gages 
Dl,  D2,  D4,  and  D5 ,  which  were  located  on  joists  surrounding  the  panel.  It  is 
apparent  that  the  data  obtained  from  the  D3  gage  are  incorrect.  However,  even 
if  the  data  from  the  D3  gage  were  not  included  in  the  percentage  range,  the 
range's  upper  bound  would  only  decrease  from  120  percent  to  112  percent. 

The  range  of  41  to  112  percent  may  be  divided  into  an  upper  region  and  a 
lower  region.  Deflections  measured  near  the  boundary  of  the  waffle  slab  were 
responsible  for  the  upper  region  of  the  range  and  were  from  about  80  to 
112  percent  of  the  static  deflections.  Deflections  measured  near  the  center 
of  the  waffle  slab  composed  the  lower  region  of  41  to  71  percent  of  the  static 
deflections.  Therefore,  peak  dynamic  deflections  near  the  boundary  were  simi¬ 
lar  to  the  maximum  prerupture  boundary  deflections  measured  in  the1  static 
test.  However,  deflection  magnitudes  near  the  slab's  center  were  considerably 
less  than  those  near  the  statically  tested  slab's  center. 
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A  more  appropriate  comparison  of  inflections  is  the  comparison  of  the  dy¬ 
namic  deflections  at  the  peak  dynamic  pressure  of  34-psi  pressure  level  with 
the  deflections  of  the  statically  tested  slab  at  the  34-psi  pressure  level. 

The  dynamically  tested  slab  deflections  ranged  from  62  percent  to  192  percent 
of  the  statically  tested  slab  deflections.  However,  except  for  two  gages,  D7 
and  Dll,  which  were,  respectively,  responsible  for  the  lower  and  upper  limits 
of  the  percentage  range,  the  range  was  from  82  percent  to  124  percent. 

The  response  of  the  dynamically  tested  slab  may  be  considered  more  uni¬ 
form  than  that  of  the  statically  tested  slab.  This  is  evident  from  calcula¬ 
tions  producing  the  sample  standard  deviation  of  the  deflection  data.  The 
sample  standard  deviation  of  the  deflection  data  of  the  statically  tested  slab 
at  the  34-psi  pressure  level  was  0.224.  The  sample  standard  deviation  of  the 
deflection  data  of  the  dynamically  tested  slab  at  the  34-psi  pressure  level 
was  0.138.  The  value  for  the  dynamic  test  was  only  62  percent  of  the  value 
for  the  statically  tested  slab,  indicating  a  lesser  degree  of  variation  among 
measured  deflections. 

The  permanent  deflections  of  the  dynamically  tested  slab  ranged  from 
18  percent  to  83  percent  of  the  peak  dynamic  deflections,  with  an  average  of 
43  percent.  The  sample  standard  deviation  for  the  residual  deflections  was 
0.0938,  which  was  42  percent  of  that  for  the  peak  dynamic  deflections.  The 
compression  of  the  wedges  beneath  the  columns  accounted  for  deflections  of  the 
slab  at  the  columns,  causing  loss  of  surface  contact  between  some  of  the  up¬ 
grading  columns  and  the  rebounded  slab  as  reported  in  paragraph  3.5.2. 

Increased  buckling  resistance  in  the  upgrading  columns  of  the  dynamic 
test  (as  compared  to  that  of  the  static  test)  was  due  to  rapid  application  of 
the  load.  This  phenomenon  is  often  quantitized  by  the  concept  known  as  the 
dynamic  load  factor  (DLF)  discussed  in  Reference  10.  High  speed  movies  taken 
during  the  test  revealed  that  considerable  vibration  of  the  upgrading  columns 
occurred,  although  the  degree  of  instability  was  not  great  enough  to  induce 
buckling.  Since  large  column  loads  were  allowed  while  slab  deflections  were 
considerably  uniform,  and  perhaps  the  wedges  were  not  fully  compressed,  buck¬ 
ling  of  the  inner  columns  was  avoided.  If  a  greater  peak  dynamic  overpressure 
had  been  applied  and  uniformity  in  the  slab  deflections  existed,  the  columns 
may  have  buckled  due . to  the  reaching  of  the  dynamic  value  of  the  critical 
buckling  load  without  the  existence  of  eccentrical  loads.  Buckling  would  also 


be  expected  to  occur  in  the  boundary  columns  if  uniformity  in  the  slab  deflec¬ 
tions  existed  at  the  greater  pressure. 

4.5.3  Second  Dynamic  Test 

Extensive  structural  damage  occurred  during  the  second  dynamic  test  on 
the  waffle  slab  due  to  the  peak  dynamic  pressure  of  61.1  psi,  as  presented  in 
paragraph  3.5.3.  The  peak  pressure  of  61.1  psi  was  an  increase  of  approxi¬ 
mately  80  percent  over  the  peak  pressure  of  the  first  dynamic  test  and  was  an 
increase  of  approximately  39  percent  over  the  maximum  slab  overpressure  sus¬ 
tained  during  the  static  test. 

Figure  C.87  in  Appendix  C  reveals  that  the  maximum  load  measured  by  the 
load  cell  beneath  the  inner  column  was  approximately  220  kips.  Figure  C.88 
indicates  that  a  malfunction  in  the  instrumentation  system  prohibited  the  col¬ 
lection  of  data  from  the  load  cell  beneath  the  boundary  column. 

High-speed  movies  which  monitored  the  underside  of  the  slab  indicated 
that  the  entire  slab  fell  to  the  test  chamber's  floor  as  a  unit  which  was 
demolished  at  floor  contact.  Only  the  portion  of  the  slab  that  fell  on  the 
deflection-gage  mount  structure  remained  as  a  large  piece;  see  Figure  3.17. 
Contrary  to  the  behavior  observed  during  the  static  test  and  the  first  dynamic 
test,  many  precollapse  deflections  near  the  boundary  were  slightly  larger  than 
those  near  the  inner  region  of  the  slab  for  locations  other  than  those  at  up¬ 
grading  columns.  The  deflection  measured  at  a  boundary  column  by  deflection 
gage  D9  was  75  percent  of  the  deflection  measured  at  an  inner  column  by  de¬ 
flection  gage  D4.  In  the  first  dynamic  test,  the  deflection  at  D9  was  only 
49  percent  of  that  at  D4. 

Since  little  damage  was  observed  in  the  first  dynamic  test  and  failure 
occurred  in  the  second  dynamic  test,  it  is  not  obvious  where  the  critical 
overpressure  lies.  An  analysis  must  be  performed  to  determine  whether  the 
critical  overpressure  was  slightly  greater  than  34  psi,  slightly  less  than 
61  psi,  or  any  other  value  within  the  domain.  It  is  reasonable  to  assume  that 
the  load-carrying  capacity  of  the  wooden  upgrading  columns  strongly  influences 
the  load-carrying  capacity  of  the  overall  structure. 

To  determine  the  dynamic  buckling  load,  a  pinned-end  column  subjected  to 
a  harmonic  axial  load  of  frequency  Q  was  investigated  (figure  4.2a). 
Timoshenko  (Reference  11)  discusses  the  stability  of  bars  under  varying  axial 
forces.  Experience  has  shown  that  a  slender  bar  can  withstand  a  maximum 


85 


=3 


I 


3 

v 

V 

V 
'< 

,s 

E 


I 


5 


*« 


pulsating  force  which  is  larger  than  the  Euler  load.  Timoshenko  states  that 
at  certain  values  of  the  frequency  of  the  pulsating  force,  violent  lateral 
vibrations  of  the  bar  are  produced  so  that  the  bar  is  unstable.  In  studying 
the  lateral  vibrations,  Timoshenko  used  the  following  differential  equation  of 
motion: 

El  ^  +  (S  cos  Qt)  ^  +  m  — ^  =  0  (4.6) 

3x^  3t^ 

where 

E  =  modulus  of  elasticity 

I  =  moment  of  inertia 

S  =  amplitude  of  pulsating  force 

fi  =  radian  frequency  of  pulsating  force 

t  =  time 

m  =  ratio  of  mass  per  length  of  bar 

The  solution  which  satisfies  Equation  4.6  for  the  conditions  of  a  bar 
with  pinned  ends  is  in  the  form 


y  =  Af (t)  sin  j- 


(4.7) 


where 


A  =  amplitude  of  the  sine  function 
Si  =  length  of  bar 

Substituting  Equation  4.7  into  Equation  4.6,  Timoshenko  obtained  the  following 
equation: 

2 

3  f;--}  +  (a  +  b  cos  T)f(T)  =  0  (4.8) 

where 

T  =  fit 

2/02 

a  =  uj  /Q 

b  =  (V/n2) , 

ui  =  fundamental  radian  frequency  of  lateral  vibration  of  a  pinned-end 
column  with  no  axial  load 

s  -  S22/n2EI 
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Timoshenko  presents  a  graphical  interpretation  of  Equation  4.8  based  upon 
the  determination  of  the  parameters  a  and  b  ,  as  shown  in  Figure  4.2b.  In 
Figure  4.2b,  the  shaded  areas  indicate  regions  of  stability.  The  unshaded 
areas  represent  regions  of  instability,  indicating  the  occurrence  of  buckling. 

Application  of  Figure  4.2b  to  the  inner  column  in  the  first  dynamic 
waffle-slab  test  requires  the  computation  of  I  ,  the  column's  moment  of  in¬ 
ertia.  As  discussed  in  paragraph  4.5.1,  the  critical  buckling  load  of 
P  =  153  kips  was  determined  from  tests  using  the  WES  200-kip  loader.  Assum¬ 
ing  a  first  mode  Euler  buckling  load  for  a  pinaed-end  column, 


where 


P 

cr 


rt2EI 


(4.9) 


E  =  modulus  of  elasticity 

I  =  moment  of  inertia 

£  =  unsupported  length  of  column 

6  4 

Using  an  E  value  of  1.7  *  10  psi,  an  effective  I  value  of  73.9  inches 

can  be  determined  for  the  wooden  column  with  a  mass  per  unit  length  of 

0.0025  lb-sec2/ in2 . 

When  structural  damping  is  considered,  the  dashed  lines  in  Figure  4.2b 
are  used  as  the  boundary  of  stable  solutions.  If  the  frequency  Q  is  taken 
as  the  frequency  observed  in  the  load  cell  (Figure  C.40),  the  value  of  a  is 
determined  as 


a  = 


o 


1.27 


For  this  value  of  a  ,  use  of  the  dashed  curve  in  Figure  4.2b  yields  a  value 
of  b  =  1.8  .  Therefore,  the  dynamic  harmonic  load  at  which  buckling  would 
occur  can  be  determined  as 


S  =  -  P  =  153  kips 

a  cr  1.27  v 


S  =  217  kips 

The  value  of  217  kips  is  very  near  the  approximate  valu°  of  220  kips  mea¬ 
sured  by  the  column  load  cells  in  both  dynamic  tests. 
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4.6  CENTER  PORTION  OF  A  22 -FOOT- 

SQUARE  FLAT  PLATE 

As  in  the  case  of  the  waffle-slab  floor  specimens  discussed  in  para¬ 
graph  4.5,  the  boundary  conditions  of  the  flat-plate  specimen  varied  from 
those  which  would  exist  in  a  typical  building.  The  boundary  conditions  may 
have  caused  structural  response  different  from  that  of  a  flat  plate  in  a 
building  floor  system. 

When  the  average  overpressure  loading  reached  approximately  38  psi,  a 
sudden  increase  in  magnitude  of  measured  deflections  occurred,  and  overpres¬ 
sure  loading  decreased  due  to  the  sudden  volume  increase  accompanying  the  de¬ 
flections.  The  load  cells  located  beneath  one  inner  column  and  one  boundary 
column  indicated  an  abrupt  change  in  column  loading  at  .he  38-psi  pressure 
level  (see  Figures  D.3  and  D.4  in  Appendix  D) .  The  maximum  load  carried  by 
the  inner  column  was  approximately  120  kips,  while  the  boundary  column  sus¬ 
tained  a  load  of  approximately  85  kips  at  the  38-psi  overpressure  level. 

The  inner  columns  buckled  under  the  load  of  120  kips  as  did  the  inner 
columns  in  the  waffle-slab  static  test  discussed  in  paragraph  4.5.1.  Buckling 
of  the  columns  allowed  the  sudden  increase  in  slab  deflections.  When  the  col¬ 
umn  loading  of  120  kips  occurred  in  the  flat  plate  inner  column,  the  overpres¬ 
sure  was  approximately  86  percent  of  the  waffle-slab  static  test  overpressure 
that  produced  an  inner  column  loading  of  120  kips. 

Apparent  malfunctions  occurred  in  deflection  gages  D2  and  D6,  as  respec¬ 
tively  shown  in  Figures  D.31  and  D.35  in  Appendix  D.  Other  portions  of  the 
deflection  data  indicated  that  deflections  along  the  boundary  were  similar  tc 
maximum  prerupture  boundary  deflections  of  the  statically  tested  waffle  slab. 
Deflections  at  the  inner  region  of  the  flat  plate  and  at  regions  near  the 
boundary,  but  not  on  the  boundary,  measured  approximately  71  percent  and 
122  percent,  respectively,  of  waffle  slab  prerupture  deflections  at  similar 
locations . 

The  thickness  of  the  flat  plate  was  uniform  and  equal  to  the  thickness  of 
the  rigid  supportive  boundary,  producing  a  greater  resistance  to  shear  along 
the  boundary  than  that  of  the  waffle  slab.  However,  negative  bending  yield 
lines  did  develop  along  the  boundary  and  along  the  span  between  two  inner  col¬ 
umns  (Figure  3.19). 

Load  cell  data  indicated  that  the  boundary  column  load  was  approximately 
71  percent  of  the  inner  column  load  at  the  38-psi  average  overpressure  level. 
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Figures  D.5  through  D.12  reveal  that  soil  arching  did  occur  in  the  sand  over¬ 
burden.  Figure  D.5  shows  the  soil-stress  data  for  gage  SE-1  which  was  located 
above  a  boundary  upgrading  column.  Figure  D.5  indicates  that  soil  arching 
acted  to  increase  the  slab  loading  at  the  column.  The  SE-3  gage  plot,  shown 
in  Figure  D.7,  did  not  produce  reasonable  data,  resulting  in  the  absence  of 
soil  arching  data  for  the  inner  column  location.  Soil  stress  gages  at  all 
other  locations  on  the  flat-plate  slab  produced  data  characteristic  of  the 
soil-stress  data  of  the  waffle-slab  static  test.  Therefore,  the  soil-stress 
measurement  at  the  inner  column  would  be  expected  to  be  characteristic  of  the 
waffle-slab  inner  column  location  soil-stress  measurement,  indicating  simi¬ 
larity  in  loading  behavior  of  the  two  slabs.  By  the  same  reasoning,  the  slab 
loading  at  the  boundary  column  having  a  maximum  column  load  of  85  kips  would 
be  expected  to  be  similar  to  the  slab  loading  at  the  boundary  column  where 
soil-stress  gage  SE-1  was  located.  However,  the  low  column  load  of  85  kips  at 
the  38-psi  average  ove  pressure  level  implies  that  symmetry  in  the  soil  arch¬ 
ing  action  may  not  have  existed. 

Figure  D.4  may  be  approximated  by  a  straight-line  function  which  changes 
slope  at  the  20-psi  overpressure  value.  The  slope  of  the  line  from  the  20-psi 
value  to  35-psi  value  is  approximately  2.7  times  that  of  the  line  below  the 
20-psi  value.  The  steeper  slope  of  the  line  reveals  that  the  change  in  over¬ 
pressure  was  considerably  greater  than  the  change  in  column  load  when  compared 
to  the  relationship  of  change  in  overpressure  to  change  in  column  load  below 
the  20-psi  level.  A  straight-line  approximation  of  Figure  D.3  reveals  a 
slight  decrease  in  slope  of  about  17  percent  at  the  22-psi  overpressure  value 
for  the  load  cell  data  at  the  inner  column.  A  straight-line  approximation  of 
the  waffle-slab  static  test  boundary  column  load  data  presented  in  Figure  C.3 
reveals  that  the  slope  above  the  30-psi  overpressure  value  is  approximately 
2.4  times  that  of  the  line  below  the  30-psi  value.  The  magnitudes  of  the 
slope  changes  were  similar  for  the  boundary  column  data  of  the  two  tests. 
However,  the  slope  change  in  the  waffle-slab  test  occurred  at  a  considerably 
higher  overpressure  and  column  load  than  that  of  the  flat-plate  test.  The  in¬ 
dication  is  that  each  upgrading  column  of  the  upgraded  slab  systems  was  loaded 
in  a  unique  manner,  influenced  by  variances  in  parameters  such  as  column  mate¬ 
rial  property,  slab  type,  and  soil  arching. 


Figure  4.1  One-way  slab  comparison. 
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Figure  4.2  Pinned  end  column  subjected 
to  a  harmonic  axial  load  of 
frequency  fi  . 
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CHAPTER  5 

CONCLUSIONS  AND  RECOMMENDATIONS 

5.1  19-  BY  19-  BY  3-INCH 

WAFFLE -SLAB  PANEL 

The  structural  behavior  of  the  waffle  panels  was  similar  to  that  of 
Brotchie's  specimens  and  Gamble's  specimens.  The  structural  behavior  was 
characteristic  of  deep  slabs,  with  failure  occurring  due  to  shearing  action. 

The  static  overpressure  load-bearing  capacity  of  the  panels  was  in  the 
range  of  900  to  1,000  psi,  which  is  from  20  to  23  times  greater  than  the 
static  overpressure  load-bearing  capacity  of  the  statically  tested  upgraded 
waffle-slab  floor  center  portion.  In  the  case  of  Crisis  Relocation  Planning 
(CRP) ,  implementation  involving  the  upgrading  of  waffle-slab  floors  for  re¬ 
sisting  overpressure,  19-  by  19-  by  3-inch  waffle  panels  will  not  be  a  vul¬ 
nerable  component  of  the  upgraded  floor  system. 

5.2  19-  BY  19-  BY  3- INCH 

ONE-WAY  SLAB 

Although  the  reinforcement  steel  is  located  at  midheight,  the  over¬ 
pressure  load-bearing  capacity  of  the  slabs  may  be  accurately  predicted  by 
Crawford's  equation,  assuming  an  effective  depth  value  which  complies  with 
the  1977  AC I  code. 

The  static  overpressure  load-bearing  capacity  of  the  slabs  was  approxi¬ 
mately  445  psi.  Therefore,  for  purposes  of  CRP,  19-  by  3-inch  one-way  slab 
panels  will  not  be  a  vulnerable  component  of  floor  systems  upgraded  for  over¬ 
pressure  resistance. 

5.3  30-  BY  30-  BY  3-INCH 

WAFFLE-SLAB  PANEL 

The  panels'  overpressure  load-bearing  capacity  of  approximately  347  psi 
is  similar  to  that  of  Gamble's  minimum  deep  slabs.  This  is  due  to  the  exter¬ 
nal  restraint  imposed  on  the  panels  during  the  tests  as  would  be  expected  to 
occur  in  a  waffle  slab  composed  of  similar  panels. 

The  load-bearing  capacity  of  the  panels  is  of  magnitude  great  enough  to 
insure  that  30-  by  30-  by  3-inch  panels  will  not  be  a  vulnerable  component  of 
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a  waffle-slab  floor  system  upgraded  for  overpressure  resistance  in  CRP 
implementation. 

5.4  PUNCHING  STRENGTH  OF  A  4- INCH- 

THICK  SLAB  ON  GRADE 

The  1977  ACI  code  ultimate  unit  shear  stress  expression,  Vu  =  4  Vil. 
underestimated  the  ultimate  unit  shear  stress  that  occurred  during  the  static 
test  by  47  percent.  The  expression,  =  7.5  V7!  ,  more  accurately  repre¬ 
sented  the  ultimate  unit  shear  stress  developed  at  d/2  away  from  the  face  of 
the  column  exerting  punching  action. 

The  peak  dynamic  load  of  135  kips  transferred  to  the  slab  on  grade  by  the 
wooden  column  during  the  dynamic  test  was  greater  than  the  ultimate  punching 
strength  of  the  slab.  Utilizing  results  of  the  statically  tested  slab  on 
grade  and  Criswell's  comparison  of  shear  strengths  in  specimens  loaded  slowly 
and  rapidly,  the  ultimate  dynamic  punching  load  for  the  slab  was  computed  to 
be  approximately  106.4  kips. 

The  ultimate  static  punching  load  of  79.4  kips  was  approximately  66  per¬ 
cent  of  the  maximum  static  load  of  120  kips  sustained  by  the  upgrading  columns 
during  the  tests  on  the  waffle-slab  floor  and  flat-plate  floor  center  portions 
discussed  in  this  report.  The  computed  ultimate  dynamic  punching  load  of 

106.4  kips  was  approximately  48  percent  of  the  maximum  dynamic  load  of 

220  kips  sustained  by  the  upgrading  columns  during  the  dynamic  tests  on  the 
waffle-slab  floor  center  portion.  Therefore,  in  the  case  of  CRP  implementa¬ 
tion  involving  the  upgrading  of  floor  systems  for  expected  overpressures,  al¬ 
lowances  must  be  made  to  avoid  the  punching  of  upgrading  columns  into  the 
basement  (shelter)  floor.  The  solution  may  include  the  use  of  a  baseplate  be¬ 
neath  the  upgrading  column  to  decrease  shear  stress  in  the  shelter  floor,  or 
an  increase  in  number  of  upgrading  columns  for  the  purpose  of  reducing  maximum 
column  loads  transfered  to  the  shelter  floor.  The  latter  solution  may  alter 
the  failure  mode  and  capacity  of  the  slab  (shelter  roof)  being  upgraded, 
whereas  the  former  solution  would  not. 

5.5  CENTER  PORTION  OF  A  24-FOOT-SQUARE 

WAFFLE -SLAB  FLOOR 

Due  to  the  boundary  conditions,  the  waffle-slab  specimens  did  not  prop¬ 
erly  model  the  center  portion  of  a  waffle-slab  floor  as  it  would  exist  in  a 
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building.  However,  punching  shear  failure  of  the  waffle  joists  did  net  occur 
at  the  upgrading  columns,  indicating  that  the  upgrading  of  waffle  slabs  may  be 
feasible.  It  is  apparent  that  the  optimum  spacing  of  upgrading  columns  for  a 
waffle-slab  floor  cannot  be  determined  from  the  three  waffle-slab  tests. 

Also,  the  effectiveness  .  the  column  spacing  scheme  used  in  this  test  series 
when  applied  to  a  complete  waffle-slab  floor  cannot  be  determined  from  these 
tests . 

Soil  arching  did  occur  in  the  overburden  during  the  three  waffle-slab 
tests.  The  arching  of  the  soil  acted  to  reduce  the  load  applied  to  flexible 
portions  of  the  slabs  by  transferring  part  of  the  load  to  the  boundary  or  to 
upgrading  columns. 

The  wedges  beneath  the  columns  compressed  under  loading,  allowing  initial 
flexural  slab  response  to  occur  at  the  upgrading  column  locations.  This  ac¬ 
tion  would  occur  in  the  case  of  a  complete  waffle-slab  floor  in  a  building. 

In  the  case  of  a  waffle-slab  floor  in  a  building,  shearing  action  may  occur  at 
the  concrete  columns  before  it  occurs  at  the  upgrading  columns,  even  though 
the  concrete  columns  would  provide  a  greater  shear  resistance  area. 

Each  composite  wooden  upgrading  column  had  overall  cross-sectional  dimen¬ 
sions  of  7  by  7  inches.  From  the  experimentally  attained  static  Euler  buck¬ 
ling  load  of  153  kips  and  the  Euler  buckling  equation,  WES  personnel  deter¬ 
mined  the  effective  cross-sectional  dimensions  of  a  column  to  be  approximately 
5.5  by  5.5  inches.  Considering  the  static  buckling  load  of  120  kips  incurred 
during  the  static  waffle-slab  test,  WES  determined  the  effective  cross- 
sectional  dimensions  of  a  column  to  be  approximately  5.1  by  5.1  inches. 

During  the  static  test  and  the  second  dynamic  test,  the  inner  columns 
buckled,  allowing  the  slab  to  shear  along  the  boundary.  The  approximate  buck¬ 
ling  load  of  220  kips  in  the  second  dynamic  test  was  an  increase  of  83  percent 
over  the  buckling  load  of  120  kips  in  the  static  test.  This  increase  was  due 
to  the  rapid  application  of  the  load  in  the  dynamic  test.  Eccentric  loading 
conditions  caused  the  inner  columns  in  the  static  test  to  buckle  prematurely 
at  a  load  of  120  kips  rather  than  the  experimentally  attained  static  buckling 
load  of  153  kips. 

An  analytical  method  developed  by  Timoshenko  reveals  that  the  dynamic 
buckling  load  is  near  the  value  of  220  kips,  as  measured  in  the  second  dynamic 
test.  Since  the  first  dynamic  test's  maximum  applied  column  load  of  220  kips 
did  not  buckle  the  columns  but  did  induce  considerable  column  vibrations,  it 
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is  apparent  that  accompanying  dynamic  slab  overpressure  was  near  that  which 
would  cause  buckling  of  the  columns  and  probable  collapse  of  the  waffle  slab. 

Due  to  column  buckling,  allowing  collapse  of  the  slab  primarily  through 
shear  failure,  the  maximum  static  and  dynamic  load-carrying  capacities  of  the 
waffle-slab  system  were  near  44  psi  and  34  psi,  respectively. 

5.6  CENTER  PORTION  OF  22-FOOT-SQUARE 

FLAT  PLATE 

The  flat-plate  specimen  did  not  properly  model  the  center  portion  of  a 
flit-plate  floor  as  it  would  exist  in  a  building,  due  to  differences  in  bound¬ 
ary  conditions.  However,  the  absence  of  punching  shear  initiation  at  the  up¬ 
grading  columns  in  the  test  does  indicate  that  punching  shear  would  not  occur 
at  upgrading  columns  in  a  complete  flat-plate  floor,  having  similar  upgrading 
column  spacing,  before  column  buckling  or  other  failure  occurred.  Compression 
of  the  wooden  wedges  beneath  the  upgrading  columns  allowed  flexural  slab  be¬ 
havior  at  the  column  locations,  decreasing  the  slab's  susceptibility  to  punch¬ 
ing  shear.  Punching  shear  action  may  occur  at  the  concrete  columns  in  the 
case  of  a  complete  building  flat-plate  floor  system,  since  the  concrete  col¬ 
umns  would  not  be  supported  by  wedges  and  characteristically  would  be  without 
capitals  and  drop  panels. 

Soil  arching  occurred  in  the  overburden  of  the  flat  plate,  causing  a  re¬ 
distribution  of  the  load  applied  to  the  slab.  The  inner  upgrading  columns 
buckled  at  a  column  load  of  120  kips.  However,  the  boundary  column  load  was 
71  percent  of  the  inner  column  load  at  the  38-psi  average  overpressure  level. 
Due  to  column  buckling,  the  maximum  static  average  overpressure  load-carrying 
capacity  of  the  upgraded  flat-plate  specimen  was  38  psi. 

Comparison  of  the  column  loadings  of  the  flat-plate  slab  with  the  column 
loadings  of  the  statically  tested  waffle  slab  reveals  that  loading  of  upgrad¬ 
ing  columns  may  vary  considerably,  even  among  columns  located  symmetrically 
within  the  same  slab  system.  Accurate  methods  of  predicting  probable  vari¬ 
ances,  particularly  for  the  case  of  a  complete  floor  system  of  a  building, 
cannot  be  developed  from  this  test  series.  However,  it  is  apparent  that  the 
column  load  variances  were  due  to  variations  in  upgrading  column  material 
properties,  slab  type,  and  soil  arching. 
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5 . 7  RECOMMENDATIONS 

Research  is  needed  to  develop  techniques  for  increasing  the  buckling  re¬ 
sistance  of  a  composite  wooden  upgrading  column.  The  tests  in  this  series  re¬ 
vealed  that  the  columns  responded  as  5.1-  by  5.1-inch  columns  rather  than  7- 
by  7-inch  columns,  in  rei.pect  to  buckling  resistance  of  static  loads.  Various 
construction  techniques,  such  as  gluing  together  the  individual  members  of  a 
composite  column  and  the  use  of  other  binding  methods,  should  be  investigated 
for  effectiveness  in  increasing  composite  action. 

The  development  of  an  upgrading  column  baseplate  is  needed  for  the  pur¬ 
pose  of  preventing  punching  shear  failure  in  the  floor  of  an  upgraded  base¬ 
ment.  In  order  to  utilize  maximum  column  load-carrying  capacity,  the  base¬ 
plate  must  be  capable  of  distributing  the  column  buckling  load  over  an  area 
large  enough  to  avoid  punching  action. 

One  upgrading  column  lost  contact  with  the  rebounding  waffle  slab  during 
the  first  dynamic  test  and  fell  to  the  test  chamber's  floor.  Another  column 
experienced  movement  but  did  not  fall.  It  is  recommended  that  future  tests 
involving  the  use  of  upgrading  columns  also  include  efforts  to  determine  the 
minimum  bracing  required  to  avoid  excessive  column  movement  when  surface  con¬ 
tact  with  the  upgraded  slab  is  lost. 

The  waffle-slab  floor  and  flat-plate  floor  center  portion  models  con¬ 
sisted  mainly  of  positive  moment  areas  and  did  not  include  concrete  columns. 
Additional  research  is  required  for  proper  simulation  of  an  upgraded  floor 
system  as  it  would  exist  in  a  building.  Proper  boundary  conditions  and  areas 
having  negative  moment  steel  as  well  as  the  areas  of  positive  moment  steel 
could  be  simulated  by  models  having  nine  bays  with  concrete  columns.  A  nine- 
bay  model  would  consist  of  a  floor  system  center  bay,  four  corner  bays,  and 
four  center-side  bays,  allowing  investigation  of  bay  interaction  and  concrete 
column  response.  During  the  time  required  to  publish  this  report,  work  was 
initiated  for  the  testing  of  1/4-scale  nine-bay  models. 

The  test  series  discussed  in  this  report  concerned  the  upgraded  slab  only 
and  not  the  walls  of  the  basement  shelter.  In  the  development  of  upgraded 
basements  in  existing  buildings  for  use  as  keyworker  shelters,  research  is 
needed  to  evaluate  the  bahavior  of  basement  walls  when  loaded  and  the  effect 
of  the  wall  behavior  on  the  upgraded  slab.  Similarly,  interaction  of  the  up¬ 
graded  slab  with  the  aboveground  structure  should  be  investigated.  During 
the  time  required  to  publish  this  report,  plans  were  being  made  by  FF.MA  to 
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investigate  the  interaction  of  the  basement  walls  and  aboveground  structure 
with  the  upgraded  slab. 
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APPENDIX  A 


TEST  DATA,  19-  BY  19- 
ONE-WAY  SLALS, 


BY  3-INCH  WAFFLE-SLAB  PANELS,  19-  BY  19-  BY  3-INCH 
AND  30-  BY  30-  BY  3-INCH  WAFFLE-SLAB  PANELS 
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Data  from  the  tests  on  the  19-  by  19-  by  3-inch  waffle-slab  panels,  19 
by  19-  by  3-inch  one-way  slabs,  and  30-  by  30-  by  3-inch  waffle-slab  panels 
are  presented  in  this  appendix.  Labels  on  the  plots  indicate  the  following 
Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Maximum  value  and  calibration  data 
Line  4:  Filter  (if  any) 

Lines  5  and  6:  Bookkeeping  data. 
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APPENDIX  B 

TEST  DATA,  STATIC  AND  DYNAMIC  PUNCHING  STRENGTH  TESTS 
ON  4-INCH-THICK  SLABS  ON  GRADE 


Data  from  the  static  and  dynamic  punching  strength  tests  on  4-inch-thick 
slabs  on  grade  are  presented  in  this  appendix.  Labels  on  the  static  test 
plots  (Figures  B.1-B.8)  indicate  the  following: 

Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Maximum  value  and  calibration  data 
Line  4:  Filter  (if  any) 

Lines  5  and  6:  Bookkeeping  data. 

Labels  on  the  dynamic  test  plots  (Figures  B.9-B.14)  indicate  the 
following: 

Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Digitizing  rate  and  calibration  curve 
Line  4:  Filter  (if  any) 

Line  5:  Bookkeeping  data. 
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Data  from  the  static  and  dynamic  tests  on  the  waffle-slab  center  portions 
are  presented  in  this  appendix.  Labels  on  the  static  test  plots  (Figures  C.l- 
C.37)  indicate  the  following: 

Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Maximum  value  and  calibration  data 
Line  4:  Filter  (if  any) 

Lines  5  and  6:  Bookkeeping  data. 

Labels  on  the  dynamic  test  plots  (Figures  C.38-C.131)  indicate  the 
following: 

Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Digitizing  rate  and  calibration  curve 
Line  4:  Filter  (if  any) 

Line  5:  Bookkeeping  data. 
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Data  from  the  tests  on  the  flat  plate  center  portion  are  presented  in 
this  appendix.  Labels  on  the  plots  indicate  the  following: 

Line  1:  Test  name 
Line  2:  Gage  symbol 

Line  3:  Maximum  value  and  calibration  curve 
Line  4:  Filter  (if  any) 

Lines  5  and  6:  Bookkeeping  data. 
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